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Abstract
In agricultural landscapes, humans impact the environment through land use
change, causing natural resource depletion and potentially reducing crop and ani-
mal production. These changes, in turn, can impact the livelihood and food secu-
rity of the rural population, and lead to socio-economic changes such as induced
marginalization and land abandonment. In Mesoamerica, rural development poli-
cies aimed at intensifying agriculture in detriment of traditional indigenous sys-
tems. These policies are expected to have an impact on rural landscapes and its
people, and understanding this intricate interaction is key for assessing household,
community, and landscape trajectories. Therefore, this thesis aimed to assess these
trajectories as affected by several drivers of change and to evaluate current land-
scape performances in terms of ecosystem services and food provision to propose
landscape alternatives for improving food self-sufficiency without sacrificing other
ecosystem services. This study was performed in the geo-cultural Mixtec region
in south Mexico, and two municipalities were selected for in-depth analysis. The
thesis is divided into four main chapters. First, I assess livelihood strategies and
household typologies as affected by migration, government support, and changes
in land tenancy policies. Second, I evaluate landscape change at the watershed
and municipal level and link these changes to socio-economic and environmen-
tal drivers. I then highlight how communities manage their landscape according
to their context-specific conditions, demonstrating that regional drivers of change
might not be enough for describing land use change. Third, I evaluate changes
in food self-sufficiency over time and show the nutritional advantages of milpa,
an indigenous polycropping system, over the predominant monocrops of maize
and bean. In the last main chapter, I assess the current landscape performance in
terms of several nutritional, environmental, and socio-economic indicators to pro-
pose landscape configurations that asses multiple stakeholder objectives in conjunc-
tion.
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Chapter 1: Introduction
1.1 | Landscape and human interaction
Biophysical changes to landscapes affect their capacity to provide long-term Ecosystem
Services, such as soil protection, carbon stocks, and climate regulation for sustaining
and improving human well-being (Wu, 2013). These landscape changes are often asso-
ciated with agricultural expansion and urbanization processes (Quintas-Soriano et al.,
2016; Tolessa et al., 2017), and can cause natural resource depletion and reduce crop and
animal production, which impacts rural livelihoods (or their capacity, assets, and ac-
tivities of rural people for sustaining a means of living) and can lead to socio-economic
changes such as induced marginalization (Carr, 2008; Keeler and Polasky, 2014; Xu et al.,
2007). Therefore, landscape and socio-economic changes are related (Misselhorn, 2005;
Shackleton and Luckert, 2015), and understanding how landscape and household trajec-
tories affect one another is essential in the development of sustainable landscape-level
alternatives for improving performance, in terms of ecosystem services and food pro-
duction.
1.2 | Major transformations in theMixteca Region
1.2.1 | TheMixteca region
The Mixteca region is located in the south of Mexico and is an estimated 33000 km2 in
size. The region is known for its geographical and cultural diversity. The Mixtec civ-
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ilization developed quickly during the Mesoamerican postclassic period between AD
900 and 1500 (Palacio-Prieto et al., 2016); the population was known as Ñuu Savi (People
of the rain), a name that is still used to refer to people from this region (Mindek, 2003).
Additionally, it is home to the fourth most populous indigenous group of Mexico, the
Mixtecos, with a population of 0.5 million people (León Portilla and de México, 2013).
The area extends across three neighboring states: Puebla, Guerrero and Oaxaca (Palacio-
Prieto et al., 2016) (Figure 1.1) and is divided into three major climatic zones (León Por-
tilla and de México, 2013). The northern-most zone mostly consists of desert and semi-
desert. The highlands in the mid-section are characterized by temperate weather, erratic
rainfall and a pronounced dry period. The southern-most part experiences tropical con-
ditions, in part due to its proximity to the coast (Berumen Barbosa, 2004).
Figure 1.1: The Mixteca region inserted in three states, Guerrero, Oaxaca and Puebla.
1.2.2 | Landscape changes and implications to Ecosystem Services
The landscape in the Mixteca was shaped by land use changes arising from agricultural
expansion, forest clearing and soil exposure. Agricultural expansion occurred around
4
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1400 B.C., when farmers settled in the fertile valley for maize cultivation (Mindek, 2003).
Mixtec agriculture relied on terracing systems called lama-bordos, which were used to
retain soil and increase crop yield (Pérez, 2006). Many of these terraces started degrad-
ing when farmers were displaced from their fields to live in settlements during Span-
ish colonization (Pérez, 2017, 2006). Soil degradation was further intensified when the
Spanish colonists introduced sheep and goats, as well as began to log the area. These
processes in combination with a soil formation sensitive to degradation (López, 2015)
have left the characteristic red soil exposed in a large part of the Mixteca Alta region
(Figure 1.2).
Figure 1.2: A typical view of the extent of soil erosion in the Mixteca region
Land use changes are associated with ecosystem service trade-offs (Iverson et al.,
2014). Ecosystem services (ESs) are benefits that nature supplies to humans (Sullivan,
2009). They are classified into four categories: provisioning (e.g. water, timber, and
food), regulating (e.g. climate, flood, and pest control), supporting (e.g. nutrient cy-
cling, soil formation, and photosynthesis) and cultural (e.g. aesthetics, recreational, and
spiritual) (Millennium Ecosystem Assessment, 2005). Human society depends on these
ESs for their survival, and yet, anthropogeic influences in the landscape threaten their
existence (Balmford and Bond, 2005; de Groot et al., 2012; Galán et al., 2012; Millennium
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Ecosystem Assessment, 2005; Mouchet et al., 2014; Quintas-Soriano et al., 2016; Swallow
et al., 2009; Tolessa et al., 2017).
In the Mixteca region, the intensification of deforestation, overgrazing, and cropping
activities during the Spanish colonization contributed to locally severe soil erosion. Soil
losses negatively affect other ESs such as food production (Contreras-Hinojosa et al.,
2003, 2005) and water quality and availability due to sediment deposition (Bautista-
Sánchez et al., 2013). Intensive deforestation increased biodiversity loss of fauna and
flora, which, consequently, impacted the region’s tourism industry (Guerrero-Arenas
et al., 2010).
Between 1917 and 1991, Mexico went through a land reform process, which granted
rural communities more autonomy to manage their land according to locally agreed
upon rules and regulations (Assennato and León, 2007; Morett-Sánchez and Cosío-Ruiz,
2017; Osorio, 1999; Pérez and Mackinlay, 2015). Community landscape management is
common among the indigenous groups in the Mixteca region (Palacio-Prieto et al., 2016),
and a number of studies showed some promising results for forest conservation enacted
by these communities (Bray et al., 2008; Duran et al., 2005; Ellis and Porter-Bolland,
2008). Considering estimations that 80% of the forest in Mexico is under communities’
control (Bray and Merino-Pérez, 2007), communities play an important role in natural
resources conservation. Nevertheless, there is little insight into what drives these com-
munities to conserve their landscapes.
1.2.3 | Socio-economic and livelihood changes
Poverty in Mexico is high and persistent. The overall average poverty for the coun-
try marginally decreased from 44.4 to 41.9% between 2008 and 2018 (CONEVAL, 2018).
Over the same period, poverty in the state of Oaxaca rose from 62 to 66.5%. Associated
with this, rural households face problems such as low opportunities for investments in
agriculture (e.g. irrigation systems and inputs), low yields from crop and animal pro-
duction, a lack of technical support for agriculture, low financial returns on agriculture-
related investments, and a lack of employment alternatives (Aguilar, 2008). This has led
to the migration of many people to other regions (Guerrero-Arenas et al., 2010; Katz,
2008) and has caused a population decline in several communities (Bocco et al., 2019;
Juárez and Margarita, 2008).
Fighting rural poverty has been part of the government’s agenda, but its approach to
tackling the issue shifted after the North American Free Trade Agreement (NAFTA). Be-
fore NAFTA, policies largely focused on subsidizing agriculture (Ávalos-Sartorio, 2006).
After the agreement, Mexico changed its focus to become more competitive in the global
6
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market. It has been criticized for providing the support that mostly benefited large-
scale farmers while stimulating disinterest in agriculture among smallholder farmers
(Zarazúa-Escobar et al., 2011). Even though policies tried to enhance the agricultural
sector, 1.3 million jobs were lost in about 10-years’ time (Audley et al., 2003). While rec-
ognizing that these socio-economic situations and policies affect rural households, few
analyses have revealed how different households react to these drivers. Such knowl-
edge would give deeper insight into the impact that policies have on livelihood changes.
1.3 | Traditional agricultural systems and their impor-
tance to nutritional self-sufficiency
Mesoamerica is one of the six cradles of global agriculture (Harlan, 1971). The rich bio
and cultural diversity in Mexico contributed to the domestication of at least 100 plant
species such as maize (Zea mays), common bean (Phaseolus vulgaris), squash (Cucurbita
spp.), cacao (Theobroma cacao), papaya (Carice papaya) and tobacco (Nicotiana tabacum)
(CONABIO, 2010). Milpa systems are of particular importance to Mexico. This term
is derived from Spanish and refers to maize fields (Nigh and Diemont, 2013). These
systems involve intercropping maize with other species, such as common bean, fava
bean (Vicia faba), squash, and chili (Capsicum spp.) (Lozada-Aranda et al., 2017; Semillas
de Vida, 2014). Traditionally, milpa is a type of swidden, and its cycle can take up
to 25 years (Nigh and Diemont, 2013). Milpa composition and cycles depend on the
agroclimatic conditions of the area (Lozada-Aranda et al., 2017).
Milpa also has a nutritional and cultural relevance, as the crops that it constitutes are
commonly found in Mexican cuisine (Oikos, 2017). Furthermore, milpa is the nutritional
foundation of many subsistence farmers (de Frece and Poole, 2008; Gurri and Moran,
2002; Horst, 1989; Isakson, 2009; Klepeis et al., 2004; Nigh and Diemont, 2013). Never-
theless, there are accounts of households abandoning the milpa production in favor of
monocropping systems (Gutierrez-Carbajal and Magaña-Magaña, 2017; Otero Prevost
et al., 2018; Vázquez González et al., 2018). Such system simplification has been at-
tributed to policies that focus on cash crops instead of subsistence production (Morales
et al., 2015; Zarazúa-Escobar et al., 2011), and to the high labor requirements and low
availability of labor (Aguilar, 2008). Abandoning the milpa system can have conse-
quences for nutritional self-sufficiency (or the ability of a place to provide food that sat-
isfies its nutritional needs). Therefore, it is necessary to understand the nutritional im-
plications of replacing milpa with other systems, while promoting alternatives to gain
back farmers’ interest in growing milpa.
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1.4 | The need for managing productive and sustain-
able landscapes
The Nutrition-Sensitve Landscapes approach combines ESs with UNICEF’s nutritional
conceptual framework to integrate nutrition and landscape conservation (Kennedy
et al., 2017). The approach aims to account for the "complex interactions and inter-
connectivity within a given landscape to optimize the multiple goals of food and nutri-
tion security, sustainable use of natural resources and conservation of biodiversity, both
for human health, as well as environmental health" (Bioversity International, 2014). A
growing body of literature has studied landscape performances in terms of trade-offs
between ESs and/or how these services are bundled (Andersson et al., 2015; Balbi et al.,
2015; Martín-López et al., 2012; Mouchet et al., 2014; Queiroz et al., 2015; Rodríguez
et al., 2006; Tomscha and Gergel, 2016; Yang et al., 2019; Zhang et al., 2007). While these
studies are useful for understanding the interactions among ESs, they do not propose
how landscapes should be re-designed to optimize the ESs in a way that is useful to the
population. The Landscape IMAGES modeling framework (Groot et al., 2007) offers a
robust option for exploring landscape alternatives in terms of multiple objectives. This
framework can help landscape planners at different governance levels to implement
NSL principles for improving nutritional self-sufficiency while avoiding or mitigating
ESs degradation. The approach also helps planners to identify trade-off relations be-
tween ecosystem services to promote landscape alternatives that minimize the effects of
these relations.
1.5 | Case study area
This study was conducted in two municipalities in the Mixteca Alta region, Santa Cata-
rina Tayata and San Cristóbal Amoltepec. These communities are representative of
the area, reflecting their economic marginalization, population migration, and resource
degradation. Both municipalities comprise common land, private land and, settlement
areas. Common land is where most of forest and grassland areas are found. Private
land is used for cropping activities. Settlements mostly consist of housing and were not
included in this study. The predominant cropping systems in the communities were
monocultures of maize and bean. Milpa systems, while still present in the area, were
the least frequent cropping system. Sheep were the most common type of livestock.
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1.6 | General objectives, research questions and hy-
potheses
The overarching goal of this thesis is to assess household and landscape trajectories
as a basis for re-designing landscapes to meet the nutritional self-sufficiency of local
populations while improving ecosystem services provision. The specific objectives and
the associated research questions are:
 To describe household trajectories and their responses to different drivers of
change over the past 30 years (Chapter 2)
– Which categories of drivers of change exist and how did they affect the evo-
lution of different household types?
 To describe land use change in the Mixteca Alta region at the watershed and mu-
nicipal levels, and its association with socio-economic and environmental drivers
(Chapter 3);
– What drives landscape change at the watershed and municipal level and
what is the role of the communities in these changes?
 To assess the nutritional benefits of milpa in comparison with monocultures of
maize and bean (Chapter 4);
– What are the relative contributions of milpa and maize and bean monocul-
tures to nutritional self-sufficiency at the municipal level?
 To propose future landscape configurations that are designed based on multi-
objectives that account for community-specific problems for maximizing nutri-
tional self-sufficiency and reducing environmental damage (Chapter 5).
– What are landscape alternatives for improving nutritional self-sufficiency
and mitigating ESs losses?
The following four hypotheses were discussed in the four main chapters of this the-
sis:
 Households respond differently to drivers of change, leading to diversification of
household types;
9
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 Communities have an active role in landscape change, which is shaped by com-
munity history, demography, land pressure and population demand for food;
 Food security through self-sufficiency in rural communities can be improved
through traditional and complex agricultural systems, but labor restrictions and
low production are obstacles to achieving food self-sufficiency, and;
 Improving nutritional self-sufficiency at the landscape level requires a multi-
objective analysis for proposing landscape configurations that aim at improving
these objectives.
1.7 | Thesis outline
This study was performed in the Mixteca Alta region in the Oaxaca state, Mexico and ad-
dressed three levels: watershed, municipality and household. The thesis is divided into
an introduction (this chapter), four chapters with novel research results, and a general
discussion (Figure 1.3).
Chapter 2 explores the relation between drivers of change and household trajecto-
ries as well as actors like household response to land tenure, government support and
migration.
Chapter 3 addresses the topic of landscape change as it is affected by socio-economic
and environmental drivers. Watershed-level landscape trends are compared to munici-
pal changes, highlighting the role of communities in land use change.
Chapter 4 focuses on the communities’ nutritional self-sufficiency. The traditional
milpa system is compared with maize and bean monocultures in terms of nutritional
production. The performance of each system in terms of people fed per area is compared
as well.
Chapter 5 focuses on landscape performance in terms of ESs and nutritional self-
sufficiency. Here the findings of the previous chapters are used in the LI modelling ap-
proach to take local stakeholders’ objectives into account and explore alternative land-
scape configurations.
The general discussion (Chapter 6) explores the connection between household and
landscape changes. The role of communities in landscape management and the impor-
tance of nutrition-sensitive landscapes in the Mixteca Alta context are discussed.
10
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Figure 1.3: Thesis outline according to the temporal and spatial scales studied
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Chapter 2: Longitudinal analysis of
household types and livelihood
trajectories in Oaxaca, Mexico∗
Abstract
Rural households are subject to the influence of multiple drivers of change and the re-
sponse to these drivers defines unique trajectories. This study focused on the relation
between drivers of change and household trajectory. The study was carried out in Santa
Catarina Tayata, in the state of Oaxaca, Mexico. We asked 44 household heads about
the history of the household and to recall the status of their farm at significant mo-
ments. The results were summarized as variables describing the socio-economic and
agronomic situation of the households over three decades: 1988-1997, 1998-2007 and
2008-2017. We then identified household types for each decade. Three household types
were distinguishable in the first two decades, and five in the last decade. We assessed
the drivers of change such as international markets, land tenure, government support
and migration, and their impact on livelihood trajectories. Our results showed that
household type diversity increased, while half of the households changed types at one
point according to different strategies. We observed changes in land tenure in our study
∗Based on article under review by the Journal of Rural Studies: Novotny, I; Rossing, W; López-Ridaura,
S, Tittonell, P; Fuentes-Ponce, M. Longitudinal analysis of household types and livelihood trajectories in
Oaxaca, Mexico
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area in the early 2000s that were attributable to the PROCEDE national program, which
acted to lift restrictions on land tenure, facilitating the buying and selling of land. As
result of PROCEDE, less households relied on borrowing or renting land, while other
households were able to expand their land and form a new household type. We ob-
served that migration allowed some households to invest in land or animal production
as a "step up" strategy. The majority of households that received agriculture-related sub-
sidies tended to engage solely in agricultural activities. Households that had off-farm
income either received family allowances or did not receive any type of government
support, suggesting that the type of governmental support can have an impact on farm-
ing activities. Furthermore, household types that had more animal production or larger
areas did not tend to engage in off-farm activities. This type of study can be used to
monitor policy impact and households’ strategic responses, to arrive at better articula-
tion of policy objectives and policy impact while considering household type diversity.
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2.1 | Introduction
The livelihoods of smallholders, or, their capabilities, assets, and activities for produc-
ing a means of living, change as they adapt to globalized processes such as international
and rural-urban migration or increased global trade (Fabricius et al., 2007; Speelman
et al., 2014; Tittonell, 2014; Zimmerer, 2007). In addition to globalization, local drivers
of change exist in socio-ecologically complex contexts such as traditional small-scale
Mexican agriculture that contribute to shaping livelihoods over time. Changes over
time in patterns of household livelihoods are called livelihood trajectories (Bagchi et al.,
1998). Analysis of long-term livelihood trajectories can bring out the role of political,
demographic, economic, and environmental drivers of change (Carney, 1998; Reidsma
et al., 2010) on households’ on- and off-farm income, social relations and material as-
sets (Mushongah and Scoones, 2012). By contextualizing these trajectories, insights are
gleaned with which to enhance the efficacy of policies, development interventions, and
research agendas for improving livelihoods in rural areas.
Agriculture in Mexico is subject to several drivers, particularly in the case of small-
scale agriculture in poor areas, challenged by lack of natural, economic and social re-
sources (Speelman et al., 2014). Furthermore, the contribution of agriculture to the Mex-
ican GPD has been declining, and the agricultural labor force diminishing (UN, 2014).
In Mexico, the General Agreement on Tariffs and Trade in 1986 and the North Amer-
ican Free Trade Agreement in 1994 had several effects on poor rural areas (González
and Alferes, 2010; Klepeis and Vance, 2003; Sweeney et al., 2013). Both implied a shift
in policy focus from controlling crop prices to opening the market and reducing pro-
tectionism. Competition with maize imports from the US resulted in decreases in the
price of maize and other agricultural products (Barnes, 2009) and led to a decrease in
farmer income (Nicita, 2004), which forced farmers to diversify their income sources
(Avalos and Graillet, 2013; Patel and Henriques, 2003). Many households also resorted
to migration making remittances an important source of household economic stability
(Taylor et al., 1999). The GATT and NAFTA agreements resulted in greater legal options
to buy and sell land, enhancing land use dynamics in rural areas (Barnes, 2009). Sev-
eral types of government support were deployed to mitigate socio-economic hardship
in rural areas and increase the competitiveness of Mexican farmers in an open mar-
ket (Winters and Davis, 2009). Considering the diversity in agricultural systems and
socio-ecological contexts in Mexico (Speelman et al., 2014), it is safe to expect that these
drivers affected households in different ways. Yet little is known about the relations be-
tween drivers of change and household trajectories, hampering feedback on the efficacy
of policy measures.
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One way to assess the degree to which drivers impact households is by categoriz-
ing households into types (Iraizoz et al., 2007). However, this approach only provides
a single snapshot in time, failing to capture the dynamics of households. Studies by
Falconnier et al. (2015) and Chopin et al. (2015) addressed this issue by considering that
individual households may change over time. They assumed, however, that the house-
hold types remained unchanged, thereby ignoring changes in the pattern of livelihoods.
We hypothesize that drivers not only affect individual livelihood trajectories but also af-
fect household types and their evolution through time. Here we studied the pattern of
livelihood trajectories in a case study municipality in Oaxaca, one of the poorest states
in Mexico (Juárez and Pfutze, 2015). Like other communities in the state (Juárez and
Margarita, 2008) the municipality is experiencing high migration and a declining de-
mography (INEGI, 2010). We decided on the case study approach for its advantages
over other approaches to explain how drivers affect households (Yin, 2018). We gath-
ered quantitative and qualitative information from the literature and through house-
hold interviews to identify drivers of change related to international trade, migration,
land reforms and government support in the form of agriculture subsidies and family
allowances. In the interviews we used a recall method to reconstruct the household his-
tories up to 30 years. This information was then combined into household typologies
to reveal how household types evolved over time, and to relate these household-level
changes to changes in the drivers.
In this paper we describe the case study area and list policies that may have affected
livelihoods over the past three decades. We then elaborate the approach used to elu-
cidate the changes in household livelihoods and the classification of households into
types. We finally present the pattern in livelihood trajectories and discuss the conse-
quences for policies.
2.2 | Case study description and research methods
2.2.1 | Case study area
The municipality of Santa Catarina Tayata (SCT) (37.22 km2) is located in the state of
Oaxaca, Mexico, at an elevation of 2000 to 2500 m above sea level. The climate is temper-
ate sub-humid, with average temperatures ranging from 16 to 18◦C and annual rainfall
between 1000 and 1200 mm. Land use in SCT can be divided into three major cate-
gories; settlement areas, privately-owned plots and communal land (Figure 2.1). Set-
tlement areas comprise the majority of houses and the local administration facilities.
Privately-owned plots are predominantly used for crop production. Communal plots
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Figure 2.1: Geographical situation of Santa Catarina Tayata in the state of Oaxaca, Mex-
ico. Colors on the map represent land uses: settlement area (gray), agriculture (yellow),
communal land (green).
mostly comprise forests, but farmers use areas without trees as pasture for their an-
imals. The main economic activity in the area is rainfed agriculture, although small
irrigation systems can be found. The area of arable land per household ranges from 0.5
to 12.5 ha. The agroecosystems are diverse, with a predominance of maize (Zea mays
L.) for human and animal consumption and beans (Phaseolus vulgaris L., Vicia faba L.)
exclusively for human consumption. Maize and beans are grown either as monoculture
or in mixed crop stands such as the milpa system that also includes squash (Cucurbita
spp.) (Ebel et al., 2017; Hernández and Bello, 1995). Every household is involved in
animal production. On average households have 7 chickens and 10 sheep. Households
usually do not sell their production due to physically difficult access to larger towns.
Instead, production is used for consumption within the household. Income is mainly
generated by providing labor for sowing, weeding and harvesting on the land of other
local farmers.
2.2.2 | Policies affecting change
Based on a literature review and a survey performed in the area prior to this study,
we identified four domains in which policies potentially affected livelihood trajectories
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in the case study area. These domains comprise land tenure, international trade, gov-
ernment support and migration (Figure 2.2). The review included articles, reports and
books on topics of importance to rural dynamics in Mexico.
Land tenure – The Mexican constitution of 1917 stipulated the creation of the Ejido
system of communal land tenure as part of the agrarian reform (Assennato and León,
2007), which enabled the distribution of land to formerly landless people. This land
could not be sold and was to be worked by the owner (Núñes, 2000). The Ejido system
was changed in 1992 as one of the consequences of the NAFTA (Barnes, 2009), giving
farmers the right to sell their land (Klepeis and Vance, 2003). The federal Program for the
Certification of Ejido and Land Ownership Titles (PROCEDE by its Spanish acronym)
was introduced in order to implement the privatization process and provide clarity on
land tenure. While the land tenure regulation process implemented through PROCEDE
started in 1992, the local authority of Santa Catarina Tayata only permitted the process
to take place in 2000, after approval by the local assembly. Within 5 years tenure of the
land in the municipality was regulated.
International trade - The General Agreement on Tariffs and Trade (GATT) had an im-
pact on the Mexican agrarian sector by reducing state influence and increasing the role
of markets in agriculture by 1990 (Núñes, 2000; Pérez-Soto et al., 2016; Sweeney et al.,
2013). As a consequence of the GATT, tariffs on imports of agricultural products and
subsidies on inputs were either removed or reduced (Foley, 1995; Klepeis and Vance,
2003). Furthermore, government intervention in crop prices, established to guarantee
a minimum price, was abolished for all crops except maize and beans (Foley, 1995).
The North American Free Trade Agreement (NAFTA) consolidated the reforms started
during the GATT period.
Government support - The National Solidarity Program (PRONASOL by its Span-
ish acronym) was created in 1991 to mitigate poverty in rural areas (Yúnez and Bar-
ceinas, 2000). Considering that two thirds of the Mexican population lived in extreme
poverty (Bank, 2005), the PRONASOL provided monetary loans for subsistence produc-
tion and development of sustainable agricultural activities. It supported activities such
as forestry, agroindustry and extracting industries, and stimulated regional develop-
ment through better infrastructure, such as road access (FAO, 2003). Since the creation
of PRONASOL, the program has undergone changes with each new president, chang-
ing its name to PROGRESA, OPORTUNIDADES, and to its current title PROSPERA.
From PROGRESA onwards, governmental support mainly consisted of providing fam-
ily allowances for poor households.
In 1993, the PROCAMPO program was created to support farmers and mitigate
hardship ensuing from the agricultural section of NAFTA (Shwedel, 1994). The main
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objectives of PROCAMPO were to improve domestic and international competitiveness
in the private and social sector, improve the livelihood of rural families and modern-
ize the marketing system by providing financial resources to stimulate production of
crops more profitable than maize (Pérez-Soto et al., 2016; Zarazúa-Escobar et al., 2011).
In practice, the program gave financial support to farmers in proportion to the acreage
of particular crops (Avalos and Graillet, 2013; Klepeis and Vance, 2003; Sweeney et al.,
2013). PROCAMPO changed its name in 2014 to PROAGRO (SAGARPA, 2016), but we
only refer to PROCAMPO in this article. PROCAMPO together with the PROGRESA-
PROSPERA programs aimed to reduce poverty in rural areas (Naude et al., 2015).
Migration - An important phase in managing migration between Mexico and the
USA was the Bracero program, which was a bilateral agreement on temporary migration
between the countries. The program started in 1942 and ended in 1964. After the Bracero
program ended, migration became characterized by the illegal flow of Mexicans to the
USA. This flow of migrants was stimulated by the perception of better prospects in the
USA and facilitated by emigrants themselves, who provided financial assistance to their
family members still living in Mexico (Santos, 2017). The state of Oaxaca has around 4
million inhabitants and ranks 9th in terms of state-wide migration (INEGI, 2010). While
migration from Oaxaca to the USA is important, domestic migration is also common.
For instance, between 1995 and 1999 0.5% of inhabitants of Oaxaca left for another state
on an annual basis. In 2010, migration numbers dropped to 0.12% (CONAPO, 2016).
Migration resulted in negative population growth in many municipalities of Oaxaca,
especially during the 1990s (Juárez and Margarita, 2008).
2.2.3 | Data collection and analysis
Livelihood trajectories of farm households were collected through in-depth interviews.
In mid 2017, local authorities in SCT were consulted on candidate households, well-
spread across the geographic extent of the municipality. This resulted in 44 households
that were available and willing to participate in the study out of around 160 households
in the municipality. The interviews followed a semi-structured format to enable explor-
ing topics that would have been overlooked in a structured interview (Mapedza et al.,
2003). We included questions regarding past animal and crop production, migration
and different sources of income, as is common in studies on livelihoods (Mushongah
and Scoones, 2012; Scoones, 2009; Tittonell, 2014). We tried to make farmers recollect
their past by asking them about important events in their lives and connecting these
to changes in their households. For instance, we would begin by asking them the time
by which they were responsible for their first plot, marking thus the beginning of their
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farm household. To track major changes in their production system, we would ask, for
example, about the size of the current herd and consequently we would ask if they used
to have more or fewer animals in the past. This process was repeated until we could no
longer identify changes. During the interviews, we would also ask farmers to explain
why a certain change occurred. In the case of migration, we asked when a family mem-
ber had left, where they had gone and whether they had returned. When we finished
talking about a specific topic we would repeat the answers provided so the intervie-
wees could corroborate or correct them. Results of the interviews were discussed with
the local authorities in September 2018 to corroborate the trends in the data.
The interview data were organized into three sub-periods of ten years each, start-
ing in 1988 and ending in 2017. The resulting sub-periods were 1988-1997, 1998-2007
and 2008-2017. We selected 1988 as the starting year because more than 20 of the 44
household heads were farming at that time. In addition, 1988 was several years prior
to the NAFTA, allowing to see changes in household trajectories caused by this driver.
The number of households analyzed per decade increased over the three decades as a
consequence of farmers establishing their own households. The number of households
per decade was 24, 34 and 44 for 1988-1997, 1998-2007 and 2008-2017, respectively. Or-
ganizing the data in 5-year periods did not yield new insights and proved to be harder
to interpret.
We classified households into types per decade and associated the household trajec-
tories across decades with household strategies identified in the literature. To make the
classification into types per decade, households were clustered based on quantitative
variables using principal component analysis (PCA) followed by hierarchical cluster
analysis (HCA) (Alvarez et al., 2014; Chopin et al., 2015; Tittonell et al., 2010). We used
the following quantitative variables: land area (owned, borrowed or rented), tropical
livestock units (TLU), number of crops and number of household members who mi-
grated. Animals owned were converted to TLU based on 1 TLU being equivalent to a
cow of 250 kg (Jahnke, 1982). TLU for other animals were derived from the base value
of 250 kg, resulting in a TLU of 0.1 and 0.01 for sheep and chicken, respectively. To ad-
dress intradecadal variation (i.e. change in a variable from one year to another within
the decade), we took the weighted average of the variables for each decade. For in-
stance, if a certain farmer had a TLU of 1 for 6 years and a TLU of 2 for 4 years over
the period of 10 years, the weighted average for the decade was 1.4 TLU. Values across
decades were compared using the non-parametric Kruskal-Wallis test. After clustering
household types per decade were characterized in terms of their main variables. Fol-
lowing Falconnier et al. (2015), a variable was assumed to characterize a particular type
if its range did not overlap with the ranges found for the other types. We defined the
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minimum observed value for the household type with the greatest median value as the
threshold between two types within the same decade. We used these threshold val-
ues to identify households that changed type over time. For instance, for a household
to shift to a type characterized by a high TLU, it would have to surpass the threshold
defining that type. We used R! 3.5.1 for Mac and the package ade4 for the PCA and
the stats and factoextra packages for hierarchical clustering. We compared household
types across decades using the non-parametric Kruskal-Wallis test, using the pgirmess
package. Where a household type differed significantly from every other type in the
previous decade, we considered it an emergent household type.
The livelihood trajectory, i.e. the progress of each household through time was ana-
lyzed by associating each household with one of the categories of livelihood strategies
proposed by Dorward (2009) and Mushongah (2009): “Hanging in”, “Stepping up”,
“Dropping out” and “Stepping down”. “Hanging in” households are the ones that sus-
tain their level of wealth and well-being while coping with threats, stresses, and shocks.
For our study, we considered those households that did not change type over time as
“Hanging in” households. “Stepping up” households invest in assets to improve their
crop production through land acquisition or to expand their sheep herd. Trajectories
involving migration were classified as “Dropping out”. Trajectories that involved the
decrease of resources such as land or animals were labeled as “Stepping down”.
The household types were evaluated in terms of the role of off-farm activities and
the importance of government support through agricultural subsidies (through PRO-
CAMPO) and family allowances (through PRONASOL and PROSPERA). For testing
the association between household types, off-farm activities and government support,
we performed a Cochran-Mantel-Haenszel test with the data nested in decade. This test
identifies partial associations between factors within a stratum (Wittes and Wallenstein,
1987). To complement the evaluation of income sources, the 44 households were asked
to calculate the share of income from crop production, animal production, local off-farm
income, governmental support and remittances. This was only done only for 2017, the
year of the interview as recall for earlier years turned out to be inaccurate.
2.3 | Results
2.3.1 | Household type description and changes over time
We identified three household types for the first decade (1988-1997), which we labeled
“Mid-scale”, “Livestock”, and “Land tenant” household types. For the second decade
(1998-2007), we identified a further household type, which was labeled “Labor mi-
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grants”. For the last period, another new household type appeared, labeled “Large-
scale” (Table 2.1). Details on PCA and HCA are provided in Appendix 1.
The Mid-Scale household type was found throughout the 30-year period. Unlike
the other types, households from the Mid-scale type had no features that set them apart
from the others. We detected no statistical differences in variables between the first
and second decades, while the area of owned land was significantly lower in the third
decade compared to the second (p<0.05).
The main focus of the Livestock household type was sheep production. The Live-
stock type was found in each period and consistently harbored only a few farm house-
holds. We found no statistically significant differences between the variables character-
izing this type across the three decades.
The Land tenant household type was characterized by comparatively large areas of
land borrowed or rented from other households. This type was found in every decade.
Households from this type did not have family members who migrated and had aver-
age numbers of TLU and cultivated crops. The Land tenant households significantly in-
creased the area of owned land during the last decade compared to the previous decade,
while the other variables did not change significantly over time.
The Labor migrant household type appeared in the second decade (1998-2007) and
was characterized by relatively large numbers of migrants per household. The average
TLU and number of cultivated species in this type were the lowest of all the groups. We
found no significant difference between the second and third decades for any variable.
The Large-scale household type only appeared in the last period and was charac-
terized by households owning greater land areas than other types. This was usually
achieved by purchasing land. While migration occurred, the number of persons per
household that migrated was lower than for the Labor migrant type. The few house-
holds in this type had an average number of TLU, but a below-average number of cul-
tivated crops.
2.3.2 | Levelihood trajectories and strategies
On average, household heads started their agricultural activities at age 34, with a mini-
mum observed age of 15 and a maximum of 84 years. Out of the 44 households 20 had
members who temporally migrated within Mexico and started their farming activities
later. Across the three decades, 23 out of the 44 households changed from one house-
hold type to another. Of the 24 households present in 1988-1997, 17 had changed type
by 2017. Six out of ten households that were established during the second decade also
changed type. Half of the new households started as the Mid-scale type, with the other
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half distributed among other groups (Figure 2.3). Most of the households that formed
the two new household types (Labor migrant and Large-scale) in the second and third
decades originated from the Mid-scale type. During the first and second decades, the
Land tenant type comprised about 25% of households, but only 10% during the third
decade. Most households that left the Land tenant type changed to the Mid-scale type.
The Livestock type was represented by three households in each period (although not
the same households).
The classification of the livelihood trajectories in terms of the four livelihood strate-
gies distinguished in this study revealed “hanging in” as the most frequent strategy,
followed in descending order by “stepping up”, “dropping out” and “stepping down”
(Figure 2.4). More than half of the households that adopted a “hanging in” strategy
belonged to the Mid-scale type. In total we recorded three households that “stepped
down”, while 8 “dropped out” as consequence of migration. We observed a strong in-
crease in the number of households “stepping up” between the 2nd and 3rd decade.
Households that “dropped out” were associated with migration of family members.
During the first decade, we found 5 cases of domestic migration and none of the in-
terviewees reported a case of international migration. In the second period, 6 persons
had migrated nationally, and 5 persons went to the USA. This increase in the number
of migration cases resulted in the emergence of the Labor migrant type. We observed a
higher number of people migrating during the last decade of 2008-2017, with 34 persons
having migrated nationally and 20 persons to the USA. This increase in migration is also
reflected in the demography of SCT, which decreased from 864 to 663 between 1980 and
2017 (INEGI, 1980, 2015).
We observed seven households “stepping-up” from the Land tenant type. Five
of these seven households changed types by reducing the rented/borrowed cropping
area while inheriting land during the implementation of PROCEDE. The remaining
two households purchased land with their savings when the PROCEDE program fa-
cilitated the process of purchasing land. The PROCEDE program also permitted that
eight households purchased or inherited larger areas of land and “stepped up” to the
Large scale type.
The proportion of households engaging in off-farm activities increased from 15 to
40% between the first and last decade. The Cochran-Mantel-Haenszel test showed a
significant association between the household type and the income source (p<0.0001).
We observed an increasing proportion of households having an off-farm income source
in the Mid-scale and Land tenant household type (Figure 2.5). Households from the
Livestock and Large scale types generally did not have off-farm income. Households
from the Livestock type stated that animal husbandry activities were incompatible with
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Figure 2.3: Sankey diagram showing the fluxes of households into and out of farm types
between decades. MS= Mid-scale; LT= Land tenants; LST= Livestock; LM= Labor mi-
grants; LS= Large scale.
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Figure 2.4: Number of households and their livelihood strategies between the 1st and
2nd decades and between the 2nd and 3rd decades.
off-farm income, while those from the Large scale type mentioned that labor in their
plots did not allow them to work elsewhere.
The association between household type and the type of government support was
significant (Cochran-Mantel-Haenszel test, p<0.0001). During the first decade of 1988-
1997, 33% of households had agriculture-related subsidies (i.e. PROCAMPO), mostly
among the Mid-scale type (Figure 2.6). This proportion, however, was reduced to 22%
in 2008-2017, with a larger share of households receiving PROCAMPO coming from the
Large scale and Labor migrant types.
Family allowances through PROGRESA-PROSPERA were not commonly found
among households in 1988-1997 (Figure 2.6). Nevertheless, 34% of the households re-
ceived family allowances in 1998-2007, mainly in the Land tenant type. By 2008-2017,
around 40% of the households were receiving family allowances. The Mid-scale type
had an increased share of households receiving family allowances during that decade.
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Figure 2.5: Proportion of household heads with or without off-farm according to house-
hold type in three decades: 1988-1997, 1998-2007 and 2008-2017. Bar width represent
the relative proportion of a given households type of the total number of households.
Stacked bars represent the relative proportion of households engaged or not in off-farm
activities for a given household type.
This increased share was because households that moved from the Land tenant to
the Mid-scale type between 1998-2007 and 2008-2017 were already receiving family al-
lowances. When combining the households that either received agriculture subsidies or
family allowances, government support rose from 35 to 65% between the first and last
decade, showing a clear increase in financial support in rural areas.
We observed a significant association between government support and off-farm
income (p=0.029, Cochran-Mantel-Haenszel test). Households receiving PROSPERA
tended not to have off-farm income, while those receiving either family allowances or
no support had a higher probability of also having off-farm income sources. We found
no significant effect of government support on crop diversity.
In 2017, 7% of the household income came from crop production, 20% from animal
production, 39% from local off-farm income, 25% from governmental support and 9%
from remittances. Maize production was primarily destined for household consump-
tion (human consumption first, animal consumption second), rather than for selling.
The high diversification of income we found is reflected in the population censuses,
which shows that 75% of the economically active population of SCT worked in the agri-
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cultural sector in 1990, while by 2010 that proportion was 45% (INEGI, 1990, 2010).
Figure 2.6: Proportion of households receiving agricultural subsidies through PRO-
CAMPO, family allowance through PROGRESA-PROSPERA or no assistance according
to household type in three decades: 1988-1997, 1998-2007 and 2008-2017. Bar width rep-
resent the relative proportion of a given households type to the total number of house-
holds. Stacked bars represent the relative proportion of households according to the
government support received for a given house-hold type.
2.4 | Discussion
The analysis showed that household type diversity increased over the past 30 years, thus
supporting the hypothesis that drivers of change affected not only individual livelihood
trajectories but also affected the evolution of household types. Nevertheless, a sub-
stantial number of households was associated with a “hanging in” strategy and largely
maintained the status quo across the 30 years. We found associations between the eas-
ing of restrictions on land markets and migration on the one hand, and the association
between household types and the type of government support and off-farm income on
the other. Engagement in off-farm activities appeared as a source of income for all types
except for Livestock and Large-scale households, where agricultural activities took up
all labor. An increasing number of households received government support over time,
irrespective of household type. The engagement in off-farm activities was associated
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with households that either had no government support or received family allowances
only, as not having agricultural subsidies gave households more freedom to explore
other sources of income. Households receiving agricultural subsidies did not tend to
partake in off-farm activities.
Recent longitudinal livelihood analyses by Falconnier et al. (2015) and Chopin et al.
(2015) tracked household dynamics assuming that household types were stationary. In
our approach we allowed the appearance of new household types and changes in char-
acteristics of established types over time. Iraizoz et al. (2007) and Mignolet et al. (2007)
created household typologies on a yearly basis in order to study trajectories. Such ap-
proach has to deal with variation from year to year and runs the risk of failing to capture
larger trends over time. Sallu et al. (2010) used narrative-driven methods to describe di-
versification of activities and specialization as livelihood strategies but did not classify
households into types. By developing a typology for each of three decades, we were
able to reduce the noise caused by yearly typologies and could describe household type
diversity over time.
The PROCAMPO agriculture subsidy was expected to stimulate a production shift
away from maize production towards greater crop diversity (Zarazúa-Escobar et al.,
2011). However, our results showed that across the 30 years households continued to
produce maize and crop diversity did not change markedly. Many households pro-
duced maize for self-consumption (Avalos and Graillet, 2013). In Brazil, a plan known
as “Brasil sem miséria” (Brazil without extreme poverty) was implemented that focused
on both improving food production for self-consumption and the socio-economic con-
ditions of poor rural households. The plan increased the income of the rural poor in
Brazil by 88% between 2011 and 2014 (MDS, 2015) and, rather than trying to shift food
production away from self-consumption and towards economic gain (as attempted by
PROCAMPO), "Brasil sem miséria" acknowledged the importance of production for
self-consumption to improve food security, reduce extreme poverty and enhance so-
cial inclusion (IPEA, 2013). In order to obtain the PROCAMPO subsidy, households are
required to own land, which explains the low proportion of this subsidy in the Land
tenant type, where only few households owned small areas for cropping. We found
households benefiting from PROCAMPO subsidies to dedicate exclusively to agricul-
tural activities, but not the other way around, as household type also had an influence
on off-farm income. For instance, Livestock and Large scale households dedicated ex-
clusively in agricultural activities (with the exception of one household in the Large
scale type), but no household in the livestock type received PROCAMPO and only three
out of eight households from Large scale type received PROCAMPO. This agricultural
subsidy is coupled with the obligation to grow crops in order to keep receiving the sup-
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port, which reduces the chances of engaging in off-farm activities. Thus, this type of
coupled payment may have negatively affected participation of the households in off-
farm activity. This result contrasts with findings of Ahearn et al. (2006) who concluded
that the type of government support in the United States, either coupled or not to cer-
tain rules, had no effect on on-farm labor. In their study they attributed the off-farm
income as an ongoing trend, which was happening years prior their study, and that the
type of government support was not enough for reverting that trend.
The proportion of households in SCT working exclusively on the farm decreased
from 85% to 60% during the 30 years considered, while the proportion of households
that received either agricultural subsidies or family allowances increased from 40 to
65%. Off-farm work became more popular over the decades, which was associated with
the type of subsidy. Unlike PROCAMPO, PRONASOL (and the subsequent programs
OPORTUNIDADES and PROSPERA) is a type of direct payment that is not coupled to
agricultural production. This is a type of program that is described by Stamoulis and
Zezza (2003) as a method by which to improve food security. After PROGRESA be-
gan in 1997 (Figure 2.2), mothers who had children attending health care centers and
enrolled in schools received direct payments. The decoupled payments may have stim-
ulated households to work off-farm as was shown for Ireland by Hennessy and Rehman
(2008). In the decade 2008-2017, around half of the households that engaged in local off-
farm activities also received direct payments from PROGRESA-PROSPERA, while the
other half did not receive any type of government support. Households from the Land
tenant type were the most frequent beneficiaries of this type of support over the 30 years
considered. Many Land tenant type households shifted to the Mid-scale type by the last
decade, thus giving a more even distribution across the different types of households
receiving family allowances.
Before the PROCEDE program, land could only be inherited by the first-born child
and could not be divided and distributed to other children. PROCEDE was expected
to guarantee property rights to land users, giving users more flexibility to rent, sell and
buy land (Ita, 2006). The PROCEDE program allowed farmers to register ownership at
the plot level. During this process, many farmers decided to pass their land on to their
children, thus leading to a boost in land inheritance. During the second decade (1998-
2007) and coinciding with the period that PROCEDE was implemented in the region,
the number of households inheriting land in SCT increased. This was associated with
Land tenant households moving to the Mid-scale type, and in the emergence of the
Large scale household type (Figure 2.3).
As more households began to own land between the second and third decades,
many of them left the Land Tenant group, equivalent to a “stepping up” strategy (Figure
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2.3 and Figure 2.4). In defining the “stepping up” strategy, Dorward (2009) considered
that in order to step up a household would have to invest and expand their current
activities to improve their livelihood (e.g. expand land to increase crop production,
or increase animal production). In the Mexican case, asset accumulation resulted from
changes in ownership rights, rather than investments or changes in activities. While
agriculture-related policies is common in Mexico and other Latin American countries
like Haiti, Nicaragua, Brazil, Uruguay and Peru (Egas and De Salvo, 2018), this is not
the case in most countries in Africa, where the strategy concepts were coined (Scoones
et al., 2005). Stepping up thus needs to be interpreted within the context with more
influence from the government.
Migration increased following the implementation of the NAFTA, as a consequence
of reduced rural employment (Taylor et al., 1999). Our data showing that people mi-
grated either within Mexico or to the USA are in agreement with the findings of Sadoulet
et al. (2001). The increase in migration in SCT coincided with the Labor migrant type,
marked by households that were “dropping out” of agriculture. At the same time,
many migrants returned home; as 20 out of the 44 interviewed households had started
their agricultural activities after having migrated for a given time. All household mem-
bers returned voluntarily because of family-related reasons, similar to results found by
Mestries (2013) for the state of Vera Cruz. He also found other reasons for coming back,
such as fear of deportation from the USA and opportunities to invest in agricultural
systems. While his study focused on migrants returning from the USA, in our study all
returnees had previously migrated within Mexico.
We observed that migration was not only related to “dropping out” strategies. Our
results showed two households that “stepped up” from the Labor migrant to the Large
scale type using their accumulated resources to purchase more land. Another household
“stepped up” to the Livestock type by purchasing more sheep, thus underlining possi-
ble pathways for households from the Labor migrant type. Interestingly, the household
heads from the Labor migrant group did not engage in off-farm activities. Mushongah
(2009) says “dropping out” strategy is marked by households in the process of migrating
away. However, the fact that households from the Labor migrant do not usually engage
in off-farm activity suggests that they are not really “dropping out”. Furthermore, some
of them even had the opportunity to “step up” as consequence of remittances sent by
the household members who migrated. The notion of “dropping out” should probably
be readjusted to fit these situations where migration is used to invest in agriculture. The
effect of accumulating resources by off-farm activity to invest on-farm is also discussed
by Pfeiffer et al. (2009).
Our findings lead to a number of policy implications. We first observed that tenancy
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regulations or restrictions can affect household type diversity. By easing the process of
buying and selling land, some households expanded their land and consequently led
the establishment of a household type marked by this area increase. While we did not
observe a negative impact on that policy in the households in Santa Catarina Tayata, as
none of them seemed to have “stepped down” as a consequence of it, it is likely that mu-
nicipalities with higher population density and low migration rate would have a differ-
ent outcome. For example, in highly populated rural municipalities, some households
might begin “stepping up” by purchasing other household’s land. This might not only
lead to an accumulation of land, but also drive other households to “step down” as con-
sequence. Barnes (2009) draws the attention that the effect of over-privatization of land,
as a consequence of PROCEDE, would only be seen 30 years after its implementation.
Another policy implication was regarding the type of government support households
received. Although we did not find evidence that PROCAMPO attained the desired
effect of shifting maize production in favor of other crops, we did observe that house-
holds receiving this subsidy tended to only dedicate to agricultural activities. On the
other hand, households receiving family allowances through PROGRESA-PROSPERA
were more inclined to diversify their income sources. Therefore, by having distinct
consequences for livelihood strategies, these policies allowed individual households to
choose between more or less reliance on agriculture.
We assessed household dynamics and their interaction with several drivers of
change for the case study community Santa Catarina Tayata. Mexico, however, fea-
tures many different socio-ecological contexts. For example, in the neighboring states
of Chiapas and Guerrero ethnic groups, poverty levels and agroecological zones differ
partly from those found in SCT. Studies under different contexts would give insights
into whether generic policies have effects that differ by context.
We used recall based on interviews. Quantitative information provided during the
interviews on the size of owned land is likely to be accurate as households drew on
official ownership papers. Information on migration of household members was likely
also accurate. Information on rented/borrowed areas, numbers of animals and numbers
of cultivated crops is expected to be less accurate, but the only source available for our
historical analysis.
2.5 | Conclusions
We showed the evolution of households and household type diversity over time in re-
lation to major drivers of change. Half of rural households in our study adjusted to
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policy-based and socio-economic drivers, including changes in land tenure laws and
regulations, public financial support and migration opportunities, and changed their
livelihood strategy as a result. Over the last 30 years, this led 1) 20% of the households
to expand the area land owned resulting in the Large scale group, 2) the proportion
of households to receive government support increasing from 35 to 65%, 3) a propor-
tion of household heads engaged in off-farm activities increasing from 15 to 40% and 4)
the emergence of the Labor migrant type reflecting an increasing number of household
members migrating.
We found a diversity of partly conflicting drivers of change. Households selected
opportunities that fitted them, thus forgoing others. This was apparent in the choice
for PROCAMPO subsidies, where households receiving that subsidy tended to work
on farm, exclusively. A trade-off between migration and agricultural activities that is
apparent in the short term, was found to not exist in the longer term, as many migrants
returned to their home grounds. Although migration is oftentimes associated with a
negative impact on agriculture, households from the Labor migrant type were able to
step up by either accumulating owned land or increasing the size of their sheep herd.
Furthermore, households from the Labor migrant type did not tend engage in off-farm
income, suggesting that they are not actually “dropping out” of agriculture.
Results of this case study show the diversity of drivers and household responses,
and their dynamics over time. Some of the responses were contrary to expected effects,
such as the longer-term impact of migration on rural assets and agricultural activities,
and the lack of crop diversification response to PROCAMPO. In addition, our results
show that 35% of households were not using governmental support programs, although
some of them would be eligible. This type of study can be used to monitor policy impact
and households’ strategic responses, to arrive at better articulation of policy objectives
and policy impact. As a next step, the approach could be repeated in contexts that differ
from the current study area in terms of proximity to large cities and their labor demand,
current agricultural land use, demography in relation to migration and socio-economic
status.
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Chapter 3: Back to the people: the
role of global drivers versus
community-based responses at
shaping landscape trajectories in
Oaxaca, Mexico∗
Abstract
Land use change results from a combination of top-down drivers such as global econ-
omy and policies and actors in communities. Here we study how community character-
istics affect communities’ decisions and consequently shape landscape transformation.
Land use change over the period 1989 to 2017 was assessed for the Río-Sordo watershed
in Oaxaca, Mexico, and the importance of regional variables driving landscape change
were ranked using random forest models. At a more detailed level, land use change
was assessed for two communities within the same watershed over the period 1984 to
2017. Former and current local officials were involved in reconstructing a timeline of
major external and internal drivers and to highlight the responses of the communities
∗Based on article under review by the Land Use Policy journal: Novotny, I; Rossing, W; López-Ridaura,
S, Tittonell, P; Fuentes-Ponce, M. Back to the people: the role of global drivers versus community-based
responses at shaping landscape trajectories in Oaxaca, Mexico
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that contributed to landscape management. Results at the watershed level showed high
initial percent of forest area and high degree of marginalization to be associated with
net deforestation. At the municipality level, in both communities around 20% of the
area was reforested, and the area of bare land decreased by 10% over the 30 years pe-
riod. These changes were attributed to the establishment and functioning of the local
institution Bienes Comunales, which enabled the communities to issue rules on land use
management. Among the actions enforced by Bienes Comunales were logging and graz-
ing regulations, and reforestation campaigns, effectively addressing overgrazing, land
degradation and excessive logging. Considering that more than half of the world’s land
is managed by communities, our results show how alignment of community and gov-
ernmental goals, as happened over the studied period of time may facilitate effective
natural resource conservation.
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3.1 | Introduction
Land use changes are commonly considered to result from top-down drivers such
as global economy and demands, trade and policies (Lambin and Meyfroidt, 2011;
Meyfroidt et al., 2013). In addition to these drivers, there is a number studies show-
ing the role of communities in landscape planning and conservation, pointing to the
relevance of dual governance systems by governments as well as communities (Baynes
et al., 2015; Bixler, 2014; White and Martin, 2002). Social actors in communities and
their goal-oriented perspectives can affect the degree to which land use changes will
follow either a natural resource conservation or a depletion and degradation pathway
(e.g. overexploitation of forests, overgrazing, agricultural expansion and contamination
of resources by inputs). The emerging pathway will influence resource availability and
will ultimately determine the possibilities for the development of human communities
(Ploeg, 2009).
At regional and larger scales, most of the landscape transformation is attributed to
agricultural and urban expansion (Corona et al., 2016; Izquierdo et al., 2011; Lambin
et al., 2003; Lambin and Meyfroidt, 2011; Tapia-Armijos et al., 2015), biophysical con-
ditions (Bray et al., 2008) and global markets (Aide et al., 2012). Controlling land use
change to preserve current natural vegetation can contribute to mitigate climate change
(Boit et al., 2016), urging the need to preserve the remaining forests. Although these
factors are important, local drivers should also be incorporated to enable a more com-
plete assessment of landscape change. Local drivers are of particular interest when
evaluating the impact of community-based management on the landscape. Further-
more, policies can integrate community-based landscape management and even offer
incentive to them. For instance, Carabias et al. (2010) compiled 100 documented cases
of community-based management in Mexico that were successful in elaborating a ter-
ritorial landscape plan for their municipalities in order to raise money from different
governmental organs.
Aide et al. (2012) observed how forest expansion in Mexico and Brazil, was driven
by several demographic (e.g. population density, migration, municipality size) and
environmental variables (precipitation, temperature, biome). They also showed that
in some areas high population density was associated with reforestation. A growing
body of literature addresses the importance of giving more autonomy to communities
by pointing out their efficacy in avoiding deforestation. In a meta-analysis study from
69 cases around the world, Pagdee et al. (2006) associated factors like property rights,
institutional arrangements, and community incentives and interests to be related to the
success of communities when managing their resources. Bray et al. (2008) found de-
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forestation rates to be similar or marginally less under community management than
strictly protected areas in Mexico and Guatemala. Ellis and Porter-Bolland (2008) found
deforestation under community-based management to be very small, even under con-
ditions of high land pressure in the Yucatan peninsula, Mexico.
Another body of literature addresses the effect of local migration patterns and the
slowing of agricultural activities on forest regrowth. For instance, Corona et al. (2016)
observed an increase in forest area and a reduction in agricultural land between 1995
and 2006 in two communities in the southern part of Oaxaca, which they attributed
to an increase in off-farm income and migration. In contrast, Cárdenas-Hernández and
Gerritsen (2015) showed how livestock activities drove an indigenous community in the
central-west region of Mexico to increase pastures at the expense of forest. In a study
in the Argentinian Patagonian steppe, Gowda et al. (2012) concluded that afforestation
was negatively affected by distance to roads and the associated human influence, even
under favorable conditions for seedling germination and survival, such as precipita-
tion, topography and wind regimes. Since these studies were centered around forest,
they usually did not contain detail on other land uses (e.g. agriculture and shared
grasslands) that are especially important to communities relying on food production
for self-consumption. All of these studies, with the exception of the one from Cárdenas-
Hernández and Gerritsen (2015), addressed large areas and several communities, mak-
ing it difficult to assess in more detail the decision making process and specificities of
each community that led to landscape transformation.
Here we study how community characteristics affect communities’ decisions and
consequently trigger landscape transformation. Results contribute to the debate on the
balance between landscape governance by higher government levels and by local com-
munities. In this study we focus on a watershed in the state of Oaxaca, Mexico that
has been documented to have high deforestation rates (Velázquez et al., 2003), but at
the same time has been showing local reforestation over the past decades Aide et al.
(2012). Our goal was to assess how context specific conditions affect community land-
scape management decisions and land use transformation. We hypothesize that even
though communities are granted the same basic rights to have some degree of control
over the common land, the outcomes vary depending on community characteristics
such as history, demography, land pressure and population requirements for food. This
hypothesis follows the idea that local people are capable of understanding their en-
vironment, which entails temporal heterogeneities and biophysical conditions, and of
drawing action plans according to their reality (Zimmerer, 1994), which we can expect
to lead to different landscape pathways. To test our hypothesis, we use satellite im-
ages to assess regional landscape change over the past 30 years. We provide a detailed
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analysis at the level of two communities in order to understand the major local drivers
that shaped the incumbent landscape by combining population and agricultural census
data, and workshops with former local government officials. Results are discussed in re-
lation to consequences for effective community-based landscape management systems
in general and in Mexico specifically, where most of the land is maintained by small
communities.
3.2 | Materials and methods
3.2.1 | Land tenure systems
After the Mexican revolution and the proclamation of the Mexican constitution in 1917,
rural communities were legally recognized as comunidades agrarias (conceded to indige-
nous people) or ejidos (conceded to petitioners who did or did not have prior connection
to the land granted to them) (Baynes et al., 2015). The major difference between comu-
nidades agrarias and ejidos is that buying and selling land is not allowed in the comunidades
agrarias and land is passed on through heritage. The comunidades agrarias can be con-
verted into ejidos if the local assembly so desire in order to permit the land owners to buy
and sell land (Morett-Sánchez and Cosío-Ruiz, 2017). Combined, comunidades agrarias
and ejidos cover around 53% of the land area in Mexico (Morett-Sánchez and Cosío-Ruiz,
2017). In both comunidades agrarias and ejidos, water bodies and forest belong to the
community while cropland, orchards and fallow land used are usually privately owned
(Merino-Perez, 2013). The decision-making process for the common lands resides with
the Comisariado de Bienes Comunales, which is headed by a community-elected president,
treasurer and deputy. Together they are part of Bienes Comunales (BC, literally: Com-
mon Goods). The BC are responsible for officially delimiting the common areas, and
for elaborating and maintaining local laws on management of the common areas. Local
law proposals are voted on by an assembly of the community. Since 1917, establish-
ment of Bienes Comunales is voluntary for municipalities (PA, 1992). The law provides
communities with a say in the management of their area by delimiting their territory
and distinguishing common and private lands. Before this revision, many communities
had limited control over their land due to a political trend to give concessions to private
companies for extracting wood. After the revision, the control of the common land by
communities was enhanced (Bray, 2004). Community empowerment through assem-
blies have been documented to be successful in resource conservation as they can detect
mismanagement and replace leaders whom they consider not suitable (Klooster, 2000).
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3.2.2 | Case study area
The state of Oaxaca comprises 9.4 million ha. Around 1.6 million ha lies within ejidos
and 5.8 million ha within comunidades agrarias (Morett-Sánchez and Cosío-Ruiz, 2017).
The area with forest in Oaxaca covers 6.3 million ha, of which 5.0 million ha belong to
comunidades agrarias or ejidos. The communities have autonomy to manage and protect
their land, subject to some restrictions. For instance, communities are not allow to ex-
ploit wood unless an official government organ gives a concession to the community,
which states the volume of wood to be exploited (Madrid, 2008).
The Mixteca Alta is an ethnic-geographic region inhabited by indigenous commu-
nities called Mixtecos. It is located in a mountainous area at 1700 to 2600 m above sea
level that extends from the northwest of the Oaxaca to the south of Puebla. Rainfall
mostly occurs between May and October (Mueller et al., 2012), with an annual precip-
itation between 300 and 750mm (Velázquez et al., 2003). The Mixteca Alta is known
for its barren slopes, gully erosion, dry streams and poor small villages (Mueller et al.,
2012). Widespread erosion in the area is possibly related to over-exploration by farmers
before the hispanic era (Mueller et al., 2012). A large part of the Mixteca Alta is within
the Río Atoyac-B watershed. We selected the watershed of Río-Sordo, which comprises
around 7700 km2 (Galindo et al., 2017). Among the 63 municipalities in this watershed
all of which have autonomy to manage their common land, we focused on San Cristóbal
Amoltepec (SCA) and Santa Catarina Tayata (SCT).
San Cristóbal Amoltepec (SCA) (Figure 3.1) covers 32 km2 and has a population den-
sity of 60 people km2, calculated from 2010 census data (INEGI, 2010). Crop production
in SCA is mostly for self-consumption and comprises predominantly maize (Zea mays
L.) and bean (Phaseolus vulgaris L.). Sheep husbandry is the most important type of ani-
mal husbandry though households usually have a few chickens and sometimes pigs in
their yard.
Santa Catarina Tayata (SCT) stretches across 37 km2 (3.1). The population density in
the municipality is 19 people km2 (INEGI, 2010), and has been strongly influenced by
high emigration (Novotny et al., 2020). Since labor is scarce, households usually leave
a portion of their land under fallow. Types of crops and animals in SCT are similar to
SCA and are mainly used for self-consumption.
3.2.3 | Land use change analysis for the Río-Sordo watershed
We used Landsat images from 26 October 1989 and 22 November 2017 (both with a 30m
resolution) for the land use classification of the Río-Sordo watershed (3.1 1). Since the
42
3.2. Materials and methods
Santa Catarina Tayata
San Cristobal Amoltepec
Oaxaca state
Figure 3.1: Study sites San Cristobal Amoltepec and Santa Catarina Tay-
ata, and their land use according to the Registro Agrario Nacional (2018 -
https://datos.gob.mx/busca/organization/ran).
watershed fell into two different Landsat tiles taken months from each other, we selected
a single tile with around 2/3 of the watershed for the analysis. The analyzed images
were taken at the end of the crop cycle, allowing for an easier distinction between land
uses. A 1984 image was available but not used for the Río-Sordo watershed analysis
because it was taken late in the season when most of the fields in the region had been
harvested, resulting in misclassification of agricultural land as bare land. We applied
atmospheric correction on the images to improve reflectance values (Ellis and Porter-
Bolland, 2008). The land use classes were forest, agricultural land (including cropland
and grassland), shrub land (with grass between shrubs) and bare land. The classification
was done using a semi-supervised classification method, where samples for each class
were obtained by overlaying a high-resolution map from Google Earth (WorldView-
2 with a resolution of 0.5m) (Mekasha et al., 2014). We applied a maximum likelihood
algorithm on the training samples to obtain the final classification map (Ellis and Porter-
Bolland, 2008; Tolessa et al., 2017). Using the 1989 and the 2017 land use maps, we
calculated areas of land use for each one of the 63 municipalities within the Río-Sordo
watershed. Differences in land use area for each class and municipality between 2017
and 1989 were calculated to assess the change over the three decades.
We used spatial explanatory variables to run logistic regression models and regres-
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Acquisition date Type of Mapper Analyzed area
22 November, 2017 OLI/TIRS Río-Sordo, SCA and SCT
15 December, 2010 ETM+ SCA and SCT
30 October, 1999 TM SCA and SCT
26 October, 1989 TM Río-Sordo, SCA and SCT
23 December, 1984 TM SCA and SCT
Table 3.1: Acquisition date, type of mapper and analyzed area of the Landsat images
used in this study
sion trees. The variables used were: (1) drought risk, (2) annual rainfall, (3) migration
rate, (4) income sources, (5) human development index, (6) marginalization index, (7)
population without education, (8) population with income inferior to minimum wage,
(9) population with social deprivation, (10) population working in agriculture, (11) pop-
ulation working in other activities, (12) demographic density, (13) distance to highway
and (14) distance to large settlements/cities (exceeding 10,000 people). Variables 1 to
11 were obtained for the year 2010, and were made spatially available by “Comisión
Nacional para el Conocimiento y uso de la Biodiversidad” (CONABIO, 2012). Demo-
graphic density was calculated by dividing each municipality’s population by its area.
Variables 13 and 14 were calculated based on the distance between the municipality’s
centroid to the nearest highway and settlement/city, respectively.
We ran random forest models using a land use binary response variable (e.g. defor-
estation/reforestation) and variables 1 to 14 as explanatory variables. We only consid-
ered municipalities with more than 2 km2 of reforestation/deforestation in our analysis,
leaving 43 municipalities in the analysis. The overall performance of the random forests
were assessed by the out-of-bag, a measure to evaluate prediction performance (Janitza
and Hornung, 2018). We ranked the most important variables describing deforesta-
tion/reforestation using the mean decrease in Gini. In random forest models, “strong
features” are used in the classification process and the “Gini importance” is used to rank
these features (Menze et al., 2009). Analyses were done in R! version 3.51 for Mac, using
the randomForest package, v. 4.6-14.
3.2.4 | Land use change analysis for San Cristóbal Amoltepec and
Santa Catarina Tayata
Land use change analysis was performed on 5 Landsat images taken in 1984, 1989, 1999,
2010 and 2017 (Table 3.1). The 1984 image was the oldest usable image that had a reso-
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lution of 30m and no cloud cover. For the land use change analysis, we used the same
workflow described in the previous section. Land use was classified as forest, grass-
land, cropland or bare land. Shrub land was not present in SCA and SCT, unlike in
the regional anlaysis. Although cropland and grassland/fallow are distinct classes, the
images’ resolution in combination with the small plot sizes (less than one ha) and the
common presence of fallow lands did not allow for a direct separation during the im-
age classification. We instead separated cropland and grassland by using shape files
containing the delineation of private and common areas in both municipalities. Since
common areas do not have crops, every pixel classified as cropland within common ar-
eas was considered to be grassland. Similarly, every pixel classified as cropland within
private land was considered cropland. We could not apply the same land use separa-
tion method for the Río-Sordo watershed analysis because of lack of information. The
generated land use maps were later used in our workshops with the local officials from
SCA and SCT.
To analyze the causes of land use change, we approached former municipal officials
that had been in office around the time the land use images had been taken. A total of
5 former officials for SCA and 6 for SCT were found willing to contribute. Respondents
for SCA had been in office in the following periods: 1979-1981, 1988-1990, 1996-1998,
2002-2004, 2011-2013. For SCT the periods included: 1969-1971, 1981-1983, 1987-1989,
1996-1998, 2002-2004, 2014-2016. In each municipality a workshop was organized in
September 2018 (Appendix 1).
Each workshop consisted of two stages: 1) description of major changes in the mu-
nicipality from the mid-60s to 2018 and 2) evaluation of land use change using the clas-
sified maps. We asked the participants to first describe the major drivers of change
around the time of their term in office. On each topic mentioned, we asked details until
no new elements were mentioned. At the end of this stage, drivers that we had heard
of but were not mentioned were brought forward to check their relevance according to
the participants. During the second stage of the workshop, we explained our classified
images to the participants and asked them to explain what they considered to be the
drivers of change associated with the landscape change, using the list of drivers that
had been established in the first stage. The workshops were recorded. Results were
used to create a timeline per municipality describing drivers of change.
To complement the results from the workshops, we obtained data from the 1991 and
2007 agricultural censuses and the 1980, 1990, 1995, 2000, 2005 and 2010 population
censuses (available on https://www.inegi.org.mx/datos/?ps=Programas). These cen-
suses provided data on population size, income sources, crop and animal production.
We compared population size across the censused years to identify population growth,
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stagnation or decline. Furthermore, we categorized the population into five-year age
categories to build an age pyramid. Data on income sources showed the proportion of
household heads relying on off-farm income. Crop production was expressed as av-
erage arable land per household, and animal production as average number of sheep,
goat, cattle, equine and pig heads per household. We used data from a survey done in
2015 for more recent data on crop and animal production, based on 31 and 51 observa-
tions from SCA and SCT, respectively. Crop and animal production and demographic
change were used to assess the impact of these activities on land use change.
3.3 | Results
3.3.1 | Río-SordoWatershed Land Use Change
In 2017, forest covered the largest area in the Río-Sordo watershed, occupying 66% of
the territory, followed by agriculture, shrub land and bare soil, which occupied 19.4,
12.2 and 2.4%, respectively (Table 3.2). Overall, agriculture was the land use that had
the highest change rate, having a net change of -6.5% between 1989 and 2017. The
decrease in agriculture was attributed to its conversion to forest first and shrub land
second. Forest increased 4.3% between 1989 and 2017, mostly because of the agriculture
to forest conversion. Similar to forest, shrub land presented a 4.3% increase over the
same time, due to agriculture to shrub land conversion.
Out of the 63 municipalities in the Río-Sordo watershed, 18, 38, 58 and 23 decreased
in cover by forest, shrub land, agriculture and bare soil, respectively (Figure 3.2). Ap-
plication of random forest models generated an OOB error of 16.3, 23.3, 9.3 and 44.2%
when predicting forest, shrub, agriculture and bare soil, respectively. Considering the
high OOB when predicting bare soil, we left this land use out for the subsequent anal-
ysis. The two most important variables explaining both forest and shrub changes were
percent of forest in 1989 and the marginalization index (Figure 3.3 a and b). A regression
tree showed municipalities with an initial forest cover of 70% or more to be related with
deforestation (Appendix 2). From the 12 municipalities that had around 70% or more
of their area covered by forest in 1989, also deforested by 2017, except for two munic-
ipalities he two most important variables explaining land use under agriculture were
migration and drought risk (Figure 3.3 c).
Deforestation started occurring at marginalization rates exceeding 0.5 (Figure 3.4).
In 46% of the municipalities with a marginalization index of 0.5 and above forest area
increased, with San Cristóbal Amoltepec being among them.
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a Forest b Shrub land
c Agriculture d Bare soil
Figure 3.2: Changes in forest, shrub land, agriculture and bare soil per municipality
within the Río-Sordo watershed, Oaxaca, Mexico, for the period 1989-2017.
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Figure 3.3: Variable importance rank as expressed by the Mean Decrease in Gini for
predicting forest, shrub land and agriculture.
Figure 3.4: Relation between marginalization index and forest area change between 1989
and 2017. Case study municipalities are highlighted in black.
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3.3.2 | Land Use Change in Santa Catarina Tayata and San Cristóbal
Amoltepec
In 1984, cropland, grassland, forest and bare land occupied 17, 28, 32 and 23% of the total
territory of SCA (Figure 3.5). By 2017, cropland in SCA had not changed much in area,
occupying 19% of the total area. Grassland decreased from 28 to 20%, forest increased
from 31 to 51% and bare land decreased from 23 to 9% of the total area. These changes
represent an average annual growth in cropland, grassland, forest and bare land of 0.13,
-0.28, 0.62 and -0.61 percentage points.
In SCT, cropland, grassland, forest and bare land occupied 21, 17, 13 and 49% of
the total area in 1984. Similar to SCA cropland barely changed between 1984 and 2017,
going from 21 to 22%, grassland decreased from 17 to 9%, forest increased from 49 to
65% and bare land decreased from 13 to 4% of the total territory of SCT. The average
annual growth of cropland, grassland, forest and bare land was 0.07, -0.44, 0.40 and
-0.68 percentage points.
In SCA, forest expanded by 1% annually between 1989 and 2010, but only by 0.15%
between 2010 and 2017. While in SCA forest growth seemed to have been stabilizing in
recent years, SCT showed no signs that forest expansion was slowing down. Most of the
forest growth occurred at the expense of grassland and, to some extent, cropland (Table
3.3). The expansion of forest to cropland can be seen in yellow in Figure 3.5, where there
is an increase of this land use located in private areas. This type of conversion can be
seen in Figure 3.5, where forest is found on private land in SCT.
Land use changes mostly concerned forest and grassland (Table 3.3). Forest loss was
not common in SCA, with conversion to grassland limited to less than 5% of the total
territory. On the other hand, changes from grassland were mostly to forest, with 14%
of the total territory being converted between 1999 and 2010. We also observed some
changes in bare land, especially to grassland and cropland, at similar rates, which varied
from 2 to 7% of the total territory.
Similar to SCA, forest area in SCT increased. Grassland was mostly converted to
forest, with a conversion peak of 7% of the total territory between 1999 and 2010. A
small amount (2 to 4% per period) of cropland was converted to forest. Bare land in
SCT was mostly converted to cropland; the decadal conversion rate varied from 2 to 6%
of the total area. In both municipalities, forest increase mostly occurred around existing
woody vegetation, rather than through newly established patches, suggesting natural
reforestation (Figure 3.6).
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Table 3.3: Percent of land use change from each classified class to the rest over 1984 to
2017.
Percent change during
Changed from Changed to 1984-1989 1989-1999 1999-2010 2010-2017
San Cristóbal Amoltepec
Forest Forest 27 27 34 46
Cropland 1 1 1 1
Grassland 5 1 0 4
Bare land 0 0 0 0
Grassland Forest 1 2 3 2
Cropland 14 18 15 15
Grassland 0 0 0 0
Bare land 2 3 3 2
Cropland Forest 1 7 14 4
Cropland 0 0 0 0
Grassland 21 23 12 12
Bare land 5 3 3 1
Bare land Forest 0 0 0 1
Cropland 7 2 3 3
Grassland 7 4 4 4
Bare land 10 10 9 7
Santa Catarina Tayata
Forest Forest 43 44 49 57
Cropland 1 1 1 1
Grassland 3 2 1 2
Bare land 0 0 0 0
Cropland Forest 2 2 4 4
Cropland 18 20 20 19
Grassland 0 1 0 0
Bare land 3 2 2 1
Grassland Forest 2 5 7 3
Cropland 0 1 0 0
Grassland 13 12 8 6
Bare land 2 1 0 0
Bare land Forest 0 0 0 0
Cropland 6 3 4 2
Grassland 2 1 1 1
Bare land 5 6 4 3
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Figure 3.5: Fraction land use from 1984 to 2017 in the Mixteca Alta municipalities San
Cristóbal Amoltepec and Santa Catarina Tayata in Mexico, based on analysis of Landsat
images from 1984, 1989, 1999, 2010 and 2017.
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Figure 3.6: Land use in San Cristobal Amoltepec and Santa Catarina Tayata from 1984,
1989, 1999, 2010 and 2017
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3.3.3 | Local responses in SCA and SCT and impact on the land
cover
In the workshops with local actors Bienes Comunales was identified as the most impor-
tant local institution for landscape change (Figure 3.7). Bienes Comunales was established
in 1946 and 1962 in SCA and SCT, respectively. The establishment of Bienes Comunales
was a response of the communities wanting to legally delineate their borders to reduce
conflicts with neighboring communities about felling trees on what they considered
their territory. The Bienes Comunales in both areas issued several regulations concern-
ing logging and ruling out slash-and-burn. In SCA, the slash-and-burn restriction oc-
curred around the same time as in SCT, but logging was restricted only in 1994, while
in SCT logging was restricted in 1962. The logging regulations forced the communi-
ties’ dwellers to seek approval of Bienes Comunales for logging, which would only be
permitted for personal use (e.g. for firewood and construction materials).
Grazing, although not directly correlated to deforestation, was perceived by the lo-
cal population as a damaging activity. The workshop participants stated that the local
population deemed goats responsible for degradation of common land. Therefore, a lo-
cal regulation that would forbid goats to graze on common areas was approved in the
local assembly in 2000 and 1990 in SCA and SCT, respectively. This grazing regulation
resulted in a decrease in the number of goats per household, while increasing the num-
ber of sheep in both communities (Figure 3.8). In spite of the increase in sheep densities,
forest area replaced grassland in both municipalities (Figure 3.6). Our workshop par-
ticipants attributed this increase in forest and reduction in grassland to the fact that in
contrast to goats, sheep allowed growth of spontaneous tree saplings.
In order to restore degraded areas, both municipalities conducted a reforestation
campaign targeting the eroded bare lands. These campaigns happened between 1990
and 2000 in SCA and between 2003 and 2015 in SCT. The workshop participants con-
sidered these campaigns only partially successful, as around 50% of the sapling trees
planted did not survive. They attributed this failure to the tree species chosen for the re-
forestation, the Pinus oaxacana, which required deeper soils than prevalent in the area.
The communities had no choice but to use this species, as this was the only option pro-
vided by the agency responsible for the forestry resources of Mexico (nowadays called
CONAFOR). Planting was done by the locals through tequio - an unpaid collective ac-
tion/work that the locals have to perform as part of the community duties.
Census data from 1980 to 2010 showed that the population size remained stable in
SCA, with around 1200 inhabitants. Between 2010 and 2015 the population declined
from 1271 to 1004. In SCT, on the other hand, population numbers have been declin-
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ing from at least 1980. From 1980 to 2010, the population size dropped from 864 to 679
people. According to the workshop participants, out-migration has led to land aban-
donment and forest growth.
Figure 3.7: Timeline of the major drivers of change developed with the local officials.
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Figure 3.8: Shifts in the average animal production per household (a and b) in San
Cristóbal Amoltepec and Santa Catarina Tayata.
3.4 | Discussion
We hypothesized that community characteristics explain differences in landscape trans-
formation outcomes. At the watershed level the majority of municipalities exhibited
increases in afforested area over the past 30 years, others exhibited high deforestation
rates. Deforestation was associated with marginalization index values exceeding 0.5.
Agricultural cover in the Río-Sordo generally decreased, associated with migration and
drought risk. In the local land use governance processes Bienes Comunales were found
to play a key role. Among the actions enforced by Bienes Comunales were logging and
grazing regulations, and reforestation campaigns. These actions stimulated an increase
in forest area, while reducing areas of grassland and bare soil.
Other studies also found reduced agricultural activities to be related to migra-
tion and land abandonment (Aide et al., 2000a; Romero-Calcerrada and Perry, 2004;
Sitzia et al., 2010) and to drought risks (Martin et al., 2016). Explaining reforesta-
tion/deforestation, however, is less clear-cut. Many authors agree that forest patterns
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in human-influenced landscape change are strongly affected by a combination of socio-
economic and environmental factors that are site-specific (Angelsen, 1995; Bernard and
Koninck, 1997; Geist and Lambin, 2002; Mather et al., 1998; Murali and Hedge, 1997;
Rudel and Roper, 1996; Twongyirwe et al., 2018; Walker, 2010)
The percent of forest in 1989 and marginalization index were found to be the most
important variables explaining reforestation/deforestation at the watershed scale. Sim-
ilar to our results, Aide et al. (2012) found that the initial percentage of forest cover in
a municipality was the most important variable explaining woody vegetation cover for
Latin America and the Caribbean: high initial forest cover resulted in a higher probabil-
ity of being deforested and vice versa. Our results showed that municipalities with an
initial forest cover of around 70% or more were more likely to undergo deforestation.
Initial forest cover may have been confounded with marginalization, which we found to
explain deforestation in municipalities with a marginalization index above 0.5. Munic-
ipalities with a marginalization index below 0.5 generally showed an increase in forest
cover. The greater the marginalization index, the higher the deforestation rate. Despite
having the second highest observed marginalization index value in the Río-Sordo water-
shed, San Cristóbal Amoltepec showed an increase in afforested area. In a country-wide
study for Mexico, Mas and Cuevas (2015) found indigenous areas with high marginal-
ization rates such as SCA to be associated with reforestation. In contrast to our results
Mas and Cuevas (2015) found more deforestation to be associated with low marginal-
ization outside indigenous areas of the central-south region of Mexico. This may be
explained by the inclusion of highly developed areas in their study that focused on all
of Mexico, suggesting that low levels of marginalization can lead to highly different
effects on forest cover and other indicators are needed to understand dynamics under
such conditions. Deininger and Minten (1999) concluded in a study for Mexico that
poverty was associated with deforestation. Other studies around the world tried to link
poverty to deforestation, with oftentimes contrasting results (Busch and Ferretti-Gallon,
2017; Gaveau et al., 2009; Khan and Khan, 2009). Since poverty and marginalization in
rural areas is common around the world (FAO, 2008) and 65% of the global area is under
community control (Wily, 2010) more understanding of the drivers of sustainable land
management is called for.
A number of cases have been documented on the role of indigenous communities in
reforestation processes worldwide (Herrmann, 2006; Ravindranath et al., 2008; Smith,
2001). Innah et al. (2013) described 4 typologies of collective indigenous action related
to reforestation in Indonesia. These types were mostly defined by their leadership (e.g.
formal authority and traditional leaders), motivation (e.g. innovation, rewards for re-
forestation, conservation of traditional customs and commercial) and law structure (e.g.
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indigenous or formal law). Our results showed that both SCT and SCT had a formal
leadership, sustained by the indigenous people who would vocalize their ideas and vote
for approval of new local regulations through the local institution Bienes Comunales.
Although the Bienes Comunales were established to put an end to conflicts with
neighboring communities, their delineation and regulation of private and common land
also served to decrease land degeneration and enhance forest development within the
communities. This zoning process has also been identified by others as a measure that
avoids deforestation (Bray, 2004; Dalle et al., 2006; Ellis and Porter-Bolland, 2008). In
common areas, Bienes Comunales restricted agriculture expansion by forbidding slash-
and-burn practices during a period of high pressure on land in the 1960s. Restricting
grazing, specifically by goats, affected land use in both communities. Goats are an ex-
otic species to Mexico introduced during the Spanish colonization (Mindek, 2003), and
their feeding preferences impede the forest regeneration (Sierra et al., 1997). Perceiv-
ing the negative impacts caused by the goats on the environment, the local population
through Bienes Comunales forbid goats to graze in common areas. The impact of the reg-
ulations on goat numbers was confirmed by comparing the 1991 and 2007 agricultural
censuses and our 2015 survey data, from which we observed a reduction in average goat
numbers per household (Figure 3.7). Associated with the change in goat numbers forest
area in both municipalities increased, while grassland and bare land decreased (Table
3.3 and Figure 3.6). Although we also observed a spike in sheep production, it was not
associated with deforestation, as information from the local population revealed that
sheep avoided feeding on sapling trees, thus allowing the forest regeneration process to
continue.
Land use planning is often driven by experts implementing top-down processes
with limited inclusion of local communities, and sometimes even favoring particular
interests of planners, policy makers and others (Berkes, 2004; Glover et al., 2008; Hu
et al., 2016). Our study shows how communities that are engaged in land use planning
using knowledge of their own unique context and benefiting from national drivers took
an active role in land use planning by developing and voting local rules and regulations
for natural resource management, in spite of their marginalization rates. A limitation of
our study is that we only evaluated two municipalities out of the 63 in the watershed
and their specific needs and backgrounds. More studies linking local to regional and na-
tional developments may bring out patterns of local governance and their higher level
support successful in sustainable landscape change. These type of studies will require
research engagement with each communities to understand their historical context from
often undocumented materials, and are thus resource-intensive.
At the time of writing, Mexico had just changed to a social-democratic government
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after years of neo-liberal rule. The new government elaborated and implemented sev-
eral projects focusing on connecting rural areas through the construction of roads and
highways, provision of trees for fruit and timber production, guaranteed prices for ba-
sic crops like maize, bean and rice, and dual-trust credit (crédito a la palabra) for stim-
ulating animal production. In the latter program the government gives a farmer some
animals to breed, and the farmer in turn has to return the first young animal to the
government so that other farmers can also benefit. The idea is to boost meat and dairy
production and improve food self-sufficiency. In the Mixteca region, this program might
lead to a step back in resource conservation strategies that the communities built over
the past decades. By offering farmers the possibility of enhancing animal production,
the local population might shift their goal of conserving natural resources towards one
of food production and short-term economic benefits that could hamper forest growth.
The program that aims at planting trees for fruit and timber production seems to be
aligned with current communities’ goals to conserve natural resources. Therefore, the
way the government decides to implement plans has the potential to go in favor or
against communities’ visions for their landscape. This shows the importance of under-
standing the local background to target programs to maximize their acceptance, while
predicting possible pitfalls.
3.5 | Conclusions
At the watershed level, initial forest area, marginalization, migration and drought risks
were important predictors of land use change and in particular forested areas. Detailed
analyses at the municipal level involving local officials and farmers showed how com-
munities used local knowledge together with the opportunities afforded by national
laws and regulations to counter landscape degradation. Although deforestation was as-
sociated with marginalization, even in situations of high marginalization reforestation
was found to occur. Our results also suggest that indigenous communities may provide
learnings on resource aware communal decision making. These results are promising,
considering that more than half of the world’s land is managed by communities. For
this promise to materialize, community and governmental goals need to be carefully
aligned to allow communities to effectively manage their natural resources.
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Chapter 4: The role of traditional
milpa in food security and food
self-sufficiency in the highlands of
Oaxaca, Mexico∗
Abstract
Around 30% of the global food is produced by smallholder farmers, and yet they are
the most food insecure group. In Mexico, food self-sufficiency is declining. Policies in
the country stimulated production of profitable crops and pushed farmers away from
traditional polycropping milpa systems. The decline of milpa can have nutritional con-
sequences to subsistence farmers. Therefore, the aim of this study was to assess changes
in the nutritional self-sufficiency over the last 30 years and the role of milpa systems in
food nutrition security. The study was conducted in two case study municipalities in
Oaxaca, Santa Catarina Tayata (SCT) and San Cristóbal Amoltepec (SCA). A land use
classification was performed to quantify cropland for three periods: 1989, 2010 and 2017.
We used agricultural two censuses and a survey to estimate crop yields from around the
same period as the land use classification. We estimated production of dietary energy,
∗Article to be submitted to the Global Food Security journal: Novotny, I; Rossing, W; López-Ridaura,
S; Fuentes-Ponce, M; Tittonell, P. The role of traditional milpa in food security and food self-sufficiency in
the highlands of Oaxaca, Mexico
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protein, 5 nutrients and 7 vitamins for three cropping system, milpa, monoculture of
maize and monoculture of bean. As consequence of increasing crop yields and demo-
graphic decline, SCT was able to reach self-sufficiency for every nutritional element,
except for Vitamin A and C. In addition to these vitamins, SCA had a low production
of other elements such as zinc, iron and magnesium. The low levels of vitamin A and C
in each municipality was associated with a low milpa production, as farmers were not
interested in this system due to high labor demands. Future efforts should be around
gaining farmers interest back in milpa systems, which could be achieved by integrating
practices that reduce the amount of labor required while increasing crop yields.
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4.1 | Introduction
There is a long-standing debate on the role of food self-sufficiency as a strategy for food
security (Clapp, 2017; Minot et al., 2010). Food self-sufficiency relates to the ability of
a country, region or household to reach their food requirements without the need of
importing food (FAO, 2006). Food security is met when people have food availability,
access, use and stability (FAO, 2006). Recent estimations show that households with
less than 2ha supply 30-34% of global food (Ricciardi et al., 2018). Yet, the majority of
food insecure people also live in rural areas (Thornton et al., 2019). This food insecu-
rity can be a consequence of drought, conflicts, land pressure and poverty (FAO, 2000).
Furthermore, food security is threatened by a shift away from diverse cropping systems
towards more simplified systems such as monocropping (Remans et al., 2011). In Mex-
ico, nation-wide food self-sufficiency has been declining as the country started relying
more on imported staple grains (Otero, 2011). The indigenous people constitute the
most food insecure group in the country (USDA, 2010). Indigenous groups oftentimes
rely on diverse and traditional agricultural systems (Lozada-Aranda et al., 2017). Yet,
there are no studies quantifying the contribution of such traditional systems to the food
security of the rural poor in Mexico. In this study, we show how food production and
self-sufficiency (i.e. availability) have changed over time (i.e. stability), while also ad-
dressing the role of food diversity provided by traditional agricultural systems (i.e. use)
in feeding the local population (i.e. access).
The North American Free Trade Agreement (NAFTA) of 1994 had several politi-
cal and social implications in Mexico, most notably affecting the country’s food self-
sufficiency, its labor sovereignty (the ability of a nation to provide its citizens with living
wages), and causing an increased out-migration rate (the process of moving from one
place to live in another place) (Otero, 2011). To adjust to the NAFTA, Mexican policies
incentivized households to move away from traditional food production systems and
towards more economically productive crops (Zarazúa-Escobar et al., 2011). In an as-
sessment, Preibisch et al. (2002) showed that although there was strong disincentive to
produce maize after NAFTA, households kept producing this staple crop. They found
a decrease in crop areas, associated with out-migration and increasing off-farm income.
In Mexico, the traditional maize production systems called milpa provide the basis
for rural households’ food supply. Milpa systems can be found in the whole of the Mex-
ican territory (Ibarrola-Rivas and Galicia, 2017), extending to South America (Lozada-
Aranda et al., 2017). In these systems, maize (Zea mays L.) is usually inter-cropped with
common bean (Phaseolus vulgaris L.), and squash (Cucurbita spp.) (Ebel et al., 2017), al-
though the crop species composition might change depending on the agroclimatic zone
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(Lozada-Aranda et al., 2017). According to Mann (2006), the diversity of crops found in
milpa are nutritionally and environmentally complementary. Although milpa systems
have been found to be ineffective in terms of generating sufficient family income due
to generally low yield levels, they have been found to be important in affording food
security as milpa can guarantee household access to a diversity of food (Ibarrola-Rivas
and Galicia, 2017; Isakson, 2009). Nevertheless, the potential of milpa to supply an ad-
equate diet in terms of macro/micro-nutrients and vitamins and its role in nutritional
self-sufficiency in rural areas remains largely unexplored.
To assess food security, studies have addressed major staple crops such as maize,
wheat, rice, and other grains, and their caloric and protein supply. While these crops
are important sources of calories and protein, they are usually not sufficient to provide a
balanced diet. This requires more nutrition-sensitive approaches (FAO, 2014; Ruel et al.,
2018). Recent studies have called attention to aspects of food security such as diver-
sity of food sources and the nutritional quality of products in terms of micro-nutrient
and vitamin provision (Aberman et al., 2018; Hidrobo et al., 2018; Ickowitz et al., 2019).
(Remans et al., 2011) adapted the functional diversity metric used in ecology into a nu-
tritional functional diversity metric. This metric considers species composition as well
as their nutritional contributions. Cassidy et al. (2013) introduced assessment of the
number of people nourished per area in terms of calories and proteins, which DeFries
et al. (2015) refined later to include other nutrients.
Against a background of policies that discourage traditional systems, a widespread
decrease in interest in agricultural activities, and out-migration the objective of our
study was to assess long-term changes in food demand and supply in a rural context, the
Mixteca Alta Oaxaqueña, and to analyze the role of the traditional agricultural systems
for local food and nutrition security. We hypothesize that milpa can provide a balanced
diet and that demographic decline in rural areas negatively affects milpa production
due to reduced labor availability. To test our hypotheses we investigated the following
questions: 1) how has demographic decline caused by out-migration affected nutritional
self-sufficiency? 2) What is the nutritional benefit of milpa compared to monocropping
systems? 3) Which factors limit the renaissance of traditional milpa systems? Answer-
ing these questions contributes to the development of policies that support food and
nutrition security of rural populations in conditions with net migration to cities.
More specifically, we assess how changes in the food production system have af-
fected the nutritional self-sufficiency in two communities in the state of Oaxaca, Mexico.
Oaxaca is characterized by high migration levels both nationally and internationally,
and an increasing trend to pursue local off-farm activities as a livelihood strategy. These
communities are representative of many others in Central America, in that milpa still
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constitutes the basis of food production (Lozada-Aranda et al., 2017; Nigh and Diemont,
2013).
4.2 | Methodology
4.2.1 | Case study areas
Both case studies are situated in the highlands of Oaxaca. Santa Catarina Tayata (SCT,
Figure 3.1) has an area of 37 km2 and is located at an elevation between 2000 and 2500 m
above sea level. Climate is classified as sub-humid, with monthly average temperatures
ranging from 16 to 18◦C, and annual rainfall between 1000 and 1200 mm. Land use in
SCT comprises settlements, private land and communal land. Settlements are usually
an agglomerate of houses interspersed with cropland. Private land consists of cropland
and fallow land. Communal land includes forest and grassland, both of which are man-
aged by the municipality’s officials, who enforce rules for their management. A survey
carried out in 2015 showed 4 household types in SCT (Table 4.1).
San Cristóbal Amoltepec (SCA) is spread over 32 km2 at elevations from 2100 to
2700 m. Climate is also sub-humid, with monthly average temperatures of 14 to 18◦C,
slightly lower than SCT. Annual rainfall is also lower, ranging from 800 to 1000 mm.
Land use in SCA is divided in the same way as in SCT. The same survey carried out in
2015 revealed 3 household types in SCA (Table 4.1).
The diversity in food produced varies within the area. Most simplified systems con-
sist of maize and common bean grown as sole crops. Milpa systems in the area comprise
maize intercropped with at least one of the following crops: common beans (Phaseolus
vulgaris), fava bean (Vicia faba) and squash (Cucurbita spp.). Sheep production poten-
tially provides animal protein and vitamin B12, however, its production is usually not
for subsistence. Common bean varieties differ depending on the system, exhibiting a
climbing or creeping behavior when grown as milpa or sole culture, respectively.
4.2.2 | Data sources
Population and agricultural census: we obtained data on demography at municipality
level from the population censuses in 1980, 1990, 1995, 2000, 2005 and 2010 and from
the agricultural censuses in 1991 and 2007.
Spatial data: For up to 3 years before or after the agricultural censuses Landsat satel-
lite images were queried and evaluated. Based on knowledge of landscape dynamics in
the area (Chapter 3) we assumed that landscape changes over a period of 3 years were
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of negligible influence on subsequent analyses. Image availability and cloud coverage
limited the data to the years 1989, 2010 and 2017. The images selected were taken at
the end of the crop season, allowing robust differentiation of land uses. To facilitate
the identification of the different land uses we overlaid a high resolution image from
Google Earth (WorldView-2; resolution of 0.5 m) with a shapefile containing all fields
registered in the municipalities (RAN, 2019a).
Survey: To complement the agricultural census of 2007, we carried out a survey in
December 2018 and January 2019. Our survey focused on information on crop and ani-
mal production. To estimate crop production, we visited 30 households in both SCT and
SCA immediately after the harvest season. Since farmers store their harvested maize
and beans in 100 L tanks, 50 kg bags, or 4.5 kg cans, we counted these storage units
as an estimate of total farm crop production. This method has proven to provide re-
liable results when performed soon after harvest (GSARS, 2017). We also counted the
number of harvested squash fruits per farm and we multiplied by an estimated average
weight of 6.5 kg per fruit in order to obtain the total production. To obtain crop yields
(t/ha), we used Google Earth images with a shapefile containing all privately-owned
plots from the RAN (2019b). With this image, we asked the 30 farmers to identify their
crop fields, the crops grown on them, the proportion of a field allocated to each crop in
case more than one crop was grown, and the type of intercropping. To estimate animal
production, we focused our questions on sheep husbandry since this is the most com-
mon type of animal husbandry in the area (although households usually have from 5 to
10 chickens). Farmers were asked about the size of the herd, the fields used for grazing,
and whether these fields were private property or belonged to the community. Based
on the total grazing area and number of sheep, we estimated stocking rate (sheep/ha).
4.2.3 | Land use change analysis
We performed a semi-supervised land use classification, which revealed three land uses:
cropland, grassland and forest. As in this study focus is on the food produced by farm-
ers, forest was excluded from the analysis. To improve reflectance values we applied an
atmospheric correction on the three Landsat images (Ellis and Porter-Bolland, 2008). We
used a high resolution Google Earth image to aid in training the data according to the
aforementioned land uses (Mekasha et al., 2014). With the training samples we applied
a maximum likelihood algorithm, which resulted in a land use map for each of the 3
Landsat images (Ellis and Porter-Bolland, 2008; Tolessa et al., 2017).
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4.2.4 | Calculations and statistical analysis
Nutrient and vitamin production and requirements at the municipality level: since
maize is mostly consumed in tortilla form, we transformed the maize kernel produc-
tion to tortilla. Based on farmer information, 1 kg of air-dry maize kernels produced
around 1.4 kg of tortilla, as water and calcium oxide is added in the process. For each
plant and animal food source identified in the survey, we derived the provision of calo-
ries, protein, calcium, iron, magnesium, phosphorus, and vitamins A, B2, B3, B6, B9, B12
and C, using the concentrations shown in Table 4.2. Nutrient and vitamin requirements
per person per year were derived from the Dietary Reference Intake (DRI) (National
Academy of Sciences, 2011), applying the methodology used by de Ruiter et al. (2018)
and DeFries et al. (2015). We used the DRI for the age group of 31-50, representative
of the population’s average age, ignoring requirements of pregnant or lactating women
and children.
Crop production at the municipality level: we calculated the production Pij of crop j in
municipality i in tonne as:
Pij = CAi ∗ CPij ∗ CYij (4.1)
Where CA∗ is the cropping area (ha, excluding fallow), CP† is the proportion of the
area a crop species occupies and CY†.
Sheep production at the municipality level: production was derived from the average
number of sheep per household and an animal-to-meat conversion rate of 15 kg per
sheep. The conversion rate was obtained from farmer interviews and is within the range
mentioned for mutton production in extensive, grass-fed systems in Mexico (Partida
de la Peña et al., 2017).
Cropping systems comparison: based on our survey, average crop yields for the differ-
ent cropping systems, i.e. maize monoculture, bean monoculture and milpa (maize
intercropped with common and fava bean and squash) were compared by the non-
parametric Kruskall-Wallis test, using the PMCMR (version 2016-01-06) package in R!
(version 3.6.1).
∗Derived from land use classification
†Derived from census and survey data
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4.3 | Results
4.3.1 | Land use and food production dynamics
Between 1980 and 2015 the population in SCT declined from 864 to 679. In SCA the pop-
ulation remained close to 1200 persons until 2010. From 2010 to 2015, however, numbers
declined from 1271 to 1004 persons (INEGI, 1990, 2010, 2015). In SCT the number of po-
tential workers, aged between 16 and 60 years was 400 persons in 1980 and 342 in 2010,
with the lowest value 290 recorded in 2005 (Figure 4.1). The portion of the population
above 60 years increased from 7 to 19%. The increase of senior inhabitants may be the
result of higher life-expectancy and of an older population returning to their municipal-
ities for retirement (a common phenomenon in SCT). The age pyramid thus shows an
out-migration of people of working age and possibly a return at a higher age. In SCA
the age structure was characterized by a large base of young people and narrow tip of
older people.
While a decline of the population implied a lesser demand for food (Figure 4.3), the
decrease in cropland indicated also a decline in cropping activities (Figure 4.2). The
supply of energy and protein in SCT increased as the result of higher production at
the same time that the demand decreased as a consequence of demographic decline
(Figure 4.3). The municipality’s demand for energy and protein was met in each year
in SCT. SCA showed contrasting results. Although the demand for energy and protein
decreased over time, production was not able to meet demand, except for protein in the
year 2018.
Land use classification (Figure 4.2) revealed that the communities had similar areas
of cropland, which had in each case decreased by around 100 ha, a 15 and 20% decrease
for SCT and SCA, respectively, between 1991 and 2018 (Table 4.3). Total production per
crop varied between years, except for fava beans, which remained low (around 1 t) for
every year assessed. Data from the censuses and our survey showed that maize yield in
SCT increased from 0.4 to 0.8 t/ha between 1991 and 2017, respectively. For SCA annual
maize yields fluctuated between 0.3 and 0.5 t/ha over the same period.
Between 1991 and 2017, the area of grassland decreased by around 150 and 450 ha
for SCT and SCA, respectively. Surprisingly, the number of sheep doubled for SCT,
reaching around 2000 heads in 2017, and numbers increased 5 times in SCA, achieving
about 2500 heads. Assuming a carrying capacity of 3.5 heads/ha (SEMARNAT, 2014)
total flock size thus approached the potential, with stocking rates of 2.9 heads/ha in
SCT and 3.2 heads/ha in SCA.
72
4.3. Results
4.3.2 | Nutritional self-sufficiency
Food production in SCT was sufficient to meet the population’s demand in each year
analyzed for all nutrients and vitamins except for the vitamins A, B12 and C (Figure 4.4).
Both vitamins A and C were provided almost exclusively by squash. In contrast to the
previous years, in 2018 SCT attained self-sufficiency for vitamin B12 as a consequence
of a higher sheep production (Table 4.3). While the production of sheep increased the
production of vitamin B12, our contact with farmers revealed that sheep consumption
by households was restricted to just 1 to 2 sheep/year. The different landraces of maize
used to produce blue, white and yellow tortilla together satisfied most of the nutritional
needs, except for zinc and vitamins A, C, B9 and B12. Despite its relatively low yields,
common bean was an important source of protein, iron, phosphorus, zinc and vitamins
from the B-complex, especially B9. Fava bean and squash seeds did not supply signif-
icant amounts of nutrients and vitamins as consequence of their very low production
levels.
SCA did not reach a nutritional self-sufficiency for most nutrients and vitamins, with
phosphorus as the only exception. Like in SCT, vitamins A and C were in low supply in
SCA. Compared to SCT, nutrients from tortilla were less important and from sheep and
bean more important in SCA, especially in 2018.
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Figure 4.3: Demand and supply of calories and protein for the years 1991, 2007 and 2018.
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Figure 4.4: Relative supply of dietary energy (kcal), protein (g), calcium (mg), iron (mg),
magnesium (mg), phosphorus (mg), vitamin A (µg), B2 (mg), B3 (mg), B6 (mg), B9 (µg),
B12 (µg), C (mg) by the different food sources in SCT (panels on the left) and SCA
(panels on the right), in 1991, 2007 and 2018. The vertical line represents the population
demand reference, set at 100%.
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4.3.3 | The role of traditional intercropping systems in nutrition
Milpa was the least common cropping system. It only occupied around 1.5 and 3% of
the total territory of SCT and SCA, respectively. Milpa systems with common and fava
beans, maize and squash grown together provided more persons per hectare with a
complete set of nutrients and vitamins than sole crops of maize or common bean (Figure
4.5). Except for zinc and vitamins A, C, B9 and B12 and depending on crop yields and
crop composition, milpa systems provided complete nutrition sufficiency for up to 3
persons/ha, while sole crops of maize and common bean provided enough to feed up
to 2 and 0.5 persons, respectively.
As expected, all cropping systems performed better in SCT, as crop yields in the mu-
nicipality were consistently higher than in SCA (Table 4.3). Common bean yield under
milpa was significantly lower by a factor 3 than when grown as sole crop (Kruskall-
Wallis, P = 0.025). This was largely explained by the difference in plant density of com-
mon beans under milpa (around 40,000 plants/ha) and as sole crop (100,000 plants/ha).
Maize yields under milpa and as sole crop were similar. Since fava beans and squash
were only produced in milpa, we could not compare their yields to sole crops. One ha
of traditional milpa provided enough nutrients and vitamins to feed at least two people
per year in SCT and one in SCA when including zinc, vitamin A, C, B9 and B12.
Comparing the labor efficiency of different cropping systems, bean had the lowest
performance of 0.65 and 0.52 kg/h for SCT and SCA, respectively (Table 4.4). Maize and
milpa produced around 5 and 4.13 kg/h for SCT, respectively, and 2.03 and 1.83 kg/h
for SCA, respectively.
Table 4.4: Labor efficiency and nutritional self-sufficiency for common bean, maize and
milpa in Santa Catarina Tayata and San Cristóbal Amoltepec
Cropping system
Labor efficiency
(kg h−1)
Nutritional self-
sufficiency (per-
sons fed ha−1)
SCT SCA SCT SCA
Common bean 0.65 0.52 0.5 0.4
Maize 5.02 2.03 2.0 1.0
Milpa 4.13 1.83 3.0 1.0
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Figure 4.5: Provision of nutrients and vitamins by maize and common bean as sole crops
and by milpa, consisting of community-specific mixtures of maize, common bean, fava
bean and squash expressed in persons/ha per year. Each dotted circle represents 2
persons/ha per year. Based on yield data of 2017/2018 for Santa Catarina Tayata (SCT)
and San Cristóbal Amoltepec (SCA).
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4.4 | Discussion
The two study cases presented here differed in their nutritional self-sufficiency over the
years, albeit having similar areas for crop and animal production. In SCT relatively
high and increasing yields in kg/capita due to stable yields in kg/ha and demographic
decline resulted in increasingly higher surpluses of calories and protein between 1991
and 2018. In SCA demographic decline decreased the shortfall in food supply, and the
municipality reached self-sufficiency for protein in 2018. Maize production provided
greater quantities of most nutrients and vitamins in SCT and SCA. Common bean and
sheep meat were important sources of vitamin B9 and B12, respectively. Though sheep
produce enough vitamin B12, its real consumption by households was very low. Pump-
kin was found to be an important vitamin A and C source, but its production was in-
sufficient to meet demand. Milpa provided a complete set of dietary energy, protein,
vitamins and micronutrient, being able to feed up to two persons/ha/year, while com-
mon bean and maize lacked in several micronutrients and vitamins. Maize had a clear
advantage over other cropping systems when labor efficiency was concerned, explain-
ing why households tended to grow maize instead of milpa. Although bean was the
cropping system that produced less volume per hour worked, households preferred
consuming the creeping variety, grown as sole crop, over the climbing variety grown in
milpa.
Out-migration from the state of Oaxaca intensified in late 60s, and it has led to de-
mographic declines in various communities (Juárez and Margarita, 2008). Low food-
security can trigger migration processes, and migration in turn can improve agriculture
through remittances (FAO et al., 2018). At the same time, the departure of a family
member reduces labor availability, decreases pressure on resources and increases food
availability (IFPRI, 2018). Although these conclusions were made for the household
level, our data show similar linkages between food availability and migration at the
municipality level.
While migration reduces the demand for food, it also reduces labor availability,
which can be linked to the low nutritional self-sufficiency. Results showed that milpa
has a lower labor self-sufficiency when compared to sole maize. Households in the area
have showed they understand that milpa can produce more food volume, but they ar-
gue that it requires a high amount of labor (Table 4.4). Other studies also related lack of
interest in milpa systems with the relatively high labor demand (Aguilar, 2008; Rosales
et al., 2003).
In recent years the assessment of the dietary contribution of crops shifted from a fo-
cus on energy and protein to assessment of a set of nutritional values (de Ruiter et al.,
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2018; de Valença et al., 2017; DeFries et al., 2015; Remans et al., 2011; Ruel et al., 2018;
Willett et al., 2019). Milpa had a clear advantage over monocropping systems, especially
when vitamin A and C are concerned, and also showed high levels of Zn. Leatherman
et al. (2019) found a relation between low milpa production and deficiencies of vitamin
A and C and Zn in Yucatán. Also in Yucatán, Calix de Dios et al. (2014) showed that
milpa provided a little over 6 months of food self-sufficiency to the majority of house-
holds. Other studies showed the advantage of polycropping systems for improving
nutrition (Panneerselvam et al., 2010; Remans et al., 2011; Rusinamhodzi et al., 2012).
Bringing milpa production back in farmers systems becomes key for improving nu-
tritional self-sufficiency and efforts should target reducing required labor or producing
more with similar amounts of labor. Flores-Sánchez et al. (2015) showed that milpa pro-
duction could be improved through better plant nutrition. Reyna-Ramírez et al. (2018)
found higher milpa production in organic systems. Since weeding is the most laborious
activity in milpa, (Parsons et al., 2009) recommended using herbicides in mid-season to
avoid damages to companion crops. Recommendations based on herbicide application
should be considered prudently, as herbicides damage edible weeds (called quelites) in
milpa systems that are usually also harvested (Daniel et al., 2019). Mulching has been
recommended as weed suppressing measure for several crops, and it could offer an al-
ternative to hand weeding (Altieri et al., 2012; Kayeke et al., 2017; Matkovic´ et al., 2015;
Murungu et al., 2011). However, mulching croplands with residues would compete
with animal nutrition. Finally, designing or adapting machines that would facilitate
weeding in milpa could facilitate the weeding management and convince farmers to
grow milpa.
While this study focused on two case study locations, milpa is decreasing across
Mexico, and we showed how this affects communities’ nutritional self-sufficiency. The
role of milpa for food security is recognized (Altieri et al., 2012; Calix de Dios et al., 2014;
Frison et al., 2006; Isakson, 2009), but this is according to our knowledge the first report
of the nutritional value of a milpa system in terms of how many persons it can feed
per area. The results can vary among locations, given how diverse milpa systems are
(Lozada-Aranda et al., 2017). The contribution of diversified cropping systems to higher
nutritional self-sufficiency found in this study, however, may serve to inspire solutions
for other food insecure places in Latin America, Africa and Asia (Clapp, 2017; Graham
et al., 2007; IFPRI, 2016; Sibhatu and Qaim, 2017).
This study has some limitations. Each municipality produced adequate quantities
of vitamin B12, however, animals usually serve households as safety-nets to deal with
financial stresses and less for consumption. Therefore vitamin B12 provision is likely
less than we calculated. Future research could test blood samples for deficiencies, along
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with dietary recall that included provenance of the food eaten (Das et al., 2014; Remans
et al., 2011). Although we showed that the food production in the area was not pro-
viding enough vitamin C, it does not necessarily mean that the population suffers from
vitamin C deficiency. During our surveys we observed that many households had cit-
rus trees in their yard. Such minor food sources are not usually contemplated in the
census data, making it harder to obtain a full panorama of food security and nutritional
self-sufficiency. We focused on the nutritional supply and the population demand on
an annual basis. This does not reflect food availability and consumption in the course
of the year, as several studies showed how households usually face shortages in the
months prior to the harvest season (Calix de Dios et al., 2014; Hammond et al., 2017;
Kc et al., 2016; Noromiarilanto et al., 2016; Sibande et al., 2015). Obtaining nutritional
values for the different locally grown crops proved to be difficult. Despite the fact that
Mexico is a genetic hotspot for maize and common bean, very few studies are available
that reveal the diversity in terms of nutritional value, which may be further affected
by production method and production location (FAO and UN, 1995; González-Cortés
et al., 2016). Finally, in our analyses we used average population age for the dietary in-
take and did not consider children or pregnant woman. Including these would provide
a more nuanced perspective, as these categories are known to be particularly sensitive
to nutritional deficiencies.
4.5 | Conclusions
Traditional cropping systems with a diverse species composition are recognized as be-
ing important for improving food security and nutritional quality of diets. Yet recent
policy shifts in Mexico stimulate moving away from these traditional systems in favor
of more profitable crops. Such shifts can worsen the already fragile food security sit-
uation for the rural poor. As shown in this study, these communities are able to reach
a nutritional self-sufficiency status, as long as a high diversity of food is produced in
sufficient quantities to meet the population’s demand for energy, nutrients and vita-
mins. In such a context, milpa emerges as the cropping system that is capable of feeding
more people per unit of area that the constituent sole cultures, despite its recognized
low economic performance. Sole crops can be used to remedy nutritional deficiencies,
such was the case of bean with its high production level of vitamin B9. This highlights
the importance of having a full panorama of the cultivated crops and the nutrients they
provide in order to tackle any nutritional deficiency. We conclude that efforts should
be made to improve the performance of traditional diversified cropping systems to im-
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prove nutritional self-sufficiency in communities that have high demand and low food
production.
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Chapter 5: Exploring alternatives for
nutrient-sensitive landscapes∗
Abstract
Although food security has been improved globally, the issue remains. Recently, the
number of food insecure people in Latin America and the Caribbean even increased. In
Mexico, traditional milpa polycultures of maize, beans and other crop species provide
a wider spectrum of nutritional factors than monocultures of the constituent crops. The
decline of the milpa systems and the increase of modernized agriculture are impacting
rural household nutrition and provision of ecosystem services. We explored nutrient-
sensitive landscape solutions for improving nutritional self-sufficiency and ecosystem
services. In particular we addressed the question under which conditions milpa would
lead to nutritional self-sufficiency at the municipal level We used the LandscapeIM-
AGES modelling framework to assess landscape alternatives that satisfy multiple locally
salient objectives for two case study municipalities in Oaxaca, Mexico; Santa Catarina
Tayata (SCT) and San Cristóbal Amoltepec (SCA). We assessed the provision of nutri-
tional factors (dietary energy, protein, 5 micro-nutrients and 7 vitamins), ecosystem ser-
vices (carbon stocks and habitat connectivity), and labor requirements associated with
different land use options in the municipalities. Compared to SCT, SCA had a lower
nutritional self-sufficiency because of lower crop yields and larger population size. Nu-
∗Article in preparation for submission: Novotny, I; Rossing, W; López-Ridaura, S; Fuentes-Ponce, M;
Tittonell, P; Groot, J. Exploring alternatives for nutrient-sensitive landscapes
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tritional self-sufficiency based on milpa production would require 30% of the area in
SCA, resulting in trade-offs with other ecosystem services. Santa Catarina Tayata could
reach nutritional self-sufficiency with around 10% of its territory used for milpa. While
milpa may contribute substantially to nutritional self-sufficiency, high labor input and
low yield levels would require agronomic innovations. These should be associated by
changes in rural support policies to enhance the attractiveness of polycultures compared
to monocultures.
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5.1 | Introduction
Around 10% of the world population lives in extreme poverty (UN, 2018), and more
than half of food insecure people live in rural areas (Shackleton et al., 2019). From
the FAO (1996) summit on food security, three key components for reaching food se-
curity were highlighted: food availability (e.g. amount of food available), access to
food (e.g. how much food is available to households) and food utilization (e.g. nu-
tritional and cultural value of food). Ingram (2011) later added more detail to each
of these components, and emphasized stability over time. Food security status varies
among regions, with Africa, Asia, and Latin America and the Caribbean the most af-
fected places (Thornton et al., 2019). Because food insecurity is most prevalent in rural
areas, some consider smallholder farmers the key to achieving greater food security
(Chappell and LaValle, 2011; Horlings and Marsden, 2011; UN, 2016). Despite global
improvements in food security status, the number of undernourished people in Latin
America and the Caribbean increased between 2016 and 2017 (Thornton et al., 2019).
In Latin America, two major types of food production systems concur, the modernized
techno-centric system and the traditional agricultural system (Parraguez-Vergara et al.,
2018). The former, although having brought increased yields through improved genetic
material and intense use of inputs, has not been effective against hunger and induced
migration, unemployment and ecosystem degradation (Altieri and Nicholls, 2008; FAO,
2014; Gordillo, 2004; Jokisch, 2002). Ruel et al. (2018) identified 6 pathways for reaching
food security, placing food access from own production as first. Increasing food secu-
rity through local production implies that human nutrition and ecosystem performance
should be assessed simultaneously (Lebel, 2003). In agricultural landscapes, humans
impact the environment through land use change and the way they exploit natural re-
sources. In return humans are impacted by the degree of ecosystem services provided
by the landscape through a feedback (Bioversity International, 2014; Deckelbaum et al.,
2006; Millennium Ecosystem Assessment, 2005; Ottaviani, 2011). Insight into the rela-
tion between the spatial configuration of different land uses and ecosystem services can
help to identify sustainable development options that avoid as much as possible trade-
offs among the services.
In landscape assessments, trade-off analysis is used to assess the relation between
agricultural production and other ecosystem services (e.g. soil losses, carbon sequestra-
tion, water quality, pest control, and pollination) (Andersson et al., 2015; Gulickx et al.,
2013; Mouchet et al., 2014; Queiroz et al., 2015; Villamagna et al., 2013; Yang et al., 2019;
Zhang et al., 2007). Provision of food is typically only considered in terms of produced
volume, and not in terms of the number of people that can be healthily fed. To fill in
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that gap, the Nutrition Sensitive Landscape (NSL) framework was proposed for analysis
of landscape ecosystem services and nutritional performance (Bioversity International,
2014; Kennedy et al., 2017). Here we use the NSL approach to assess trade-offs and
synergies between nutritional self-sufficiency (i.e. producing the most essential nutri-
ents and vitamins for human health) and ecosystem services. Smallholder farmers who
relied on traditional systems are shifting away from crop diversity towards simplified
systems (Parraguez-Vergara et al., 2018), with possible negative implications for food
security in rural areas (Isakson, 2009). Globally, the shift in food production systems
oriented towards high-yielding crops has caused not only environmental impacts, but
also increased micronutrient deficiencies and health issues (Timler et al., 2020). In Latin
America and the Caribbean, vitamin A and B12 deficiencies are widespread problems
(Brito et al., 2015; Mora et al., 1998). Considering the negative implications of simplifi-
cation of agricultural systems for food security (Remans et al., 2011), there is a need for
designing landscapes that provide nutritional food self-sufficiency for their inhabitants
while incorporating ecosystem services in the process.
The traditional Mesoamerican agricultural milpa system revolves around maize,
which is intercropped with other species such as common beans (Phaseolus vulgaris),
fava beans (Vicia faba) and squash (Cucurbita spp.). This system is of great importance
for subsistence households, as it guarantees their basic food requirements regardless of
the households’ economic performance (Isakson, 2009). Yet, milpa is being abandoned.
This decrease of milpa has been attributed to lack of available labor caused by migration
(Gutierrez-Carbajal and Magaña-Magaña, 2017; Kontoleon et al., 2009; Otero Prevost
et al., 2018), land fragmentation, low maize prices, decreased fallow periods (Rodriguez
and Arias 2014), unpredictable rainfall and lack of government support (Richard, 2008).
In this paper we aim to identify options for nutrition sensitive landscapes arising
from re-arranging current land uses and inclusion of land use alternatives that could be
implemented with a time horizon of 5 years. Two neighboring municipalities in south
Mexico were selected as case studies to reveal the potential of the approach. The mu-
nicipal level is the smallest administrative unit in Mexico that is bestowed autonomy
to manage the common land. We used the LandscapeIMAGES (LI) framework for as-
sessing nutritional and ecosystem services performance and their associated trade-offs
and synergies (Groot et al., 2010, 2007, 2018). Starting from an initial set of landscape
alternatives LI evaluates each landscape in terms of a set of objectives and constraints,
and then uses an evolutionary algorithm in combination with Pareto-ranking to gen-
erate new landscapes that perform better in terms of the objectives. In this way, itera-
tively better landscapes are identified and trade-offs among the objectives are revealed.
In defining the objectives and constraints viewpoints of different stakeholders can be
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taken into account, as it has been shown to improve the local salience of the results
(Estrada-Carmona et al., 2014). This research aimed at answering the following ques-
tions: 1) what is the current level of nutritional self-sufficiency and ecosystem services
performance in the case study municipalities? 2) what is the role of the different crop-
ping systems in the nutritional self-sufficiency? and 3) how does achieving nutritional
self-sufficiency affect other ecosystem services?
5.2 | Materials and methods
5.2.1 | Study area and production systems
This study was conducted in two municipalities, Santa Catarina Tayata (SCT) and San
Cristóbal Amoltepec (SCA), located in the state of Oaxaca, Mexico (Figure 3.1). The
two communities are similar in terms of climate conditions, agricultural systems and
community landscape management (Chapter 4). They differ, however, in demography,
crop performance and land use configuration. The three dominant cropping systems
in the area are monocultures of maize and common bean, and milpa. Milpa systems
in this region always include maize in combination with one or more of the following
crops: common bean, fava bean and squash. Crops may be followed by a fallow period,
which can last up to five years. Sheep husbandry is the most common type of animal
production. Sheep mostly forage on fallow fields and grasslands in common areas.
During winter, sheep are also given crop residues.
Like in other communities of Mexico, land is divided in common and private land
(Figure 3.1). Cropping activities in the municipalities are performed exclusively on pri-
vate land although that is not a strict rule for other municipalities. Common land is
managed by Bienes Comunales (BC), a local institution that enforces local regulations de-
cided on by municipal assemblies. Forest and grassland are the most frequent land uses
on common land. Settlement areas were left out of the analysis as they are not managed
by the community.
5.2.2 | Modeling framework
The LandscapeIMAGES (Landscape Interactive Multi-Goal Agroecosystem Genera-
tion and Evaluation System) framework was used for this study (Groot et al., 2007).
The framework uses a Pareto-based multi-objective Differential Evolution (P-MODE)
to explore trade-offs and synergies among landscape performance indicators (Groot
et al., 2007, 2009). Decision variables include land use on each map polygon. Pareto-
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optimality is achieved when the performance of a landscape in terms of a particular
indicator cannot be improved without deteriorating the performance in terms of one or
more other indicators (Groot et al., 2018).
LI was used to first characterize the current landscape performance in terms of
production, nutritional, environmental and socio-economic indicators. We then ex-
plored the trade-offs and synergies between the different indicators and assess the con-
sequences for the associated landscape configurations.
5.2.2.1 | Land use classification
A land use map describing current land use was derived from a Landsat 8 image taken
in October 2017 with a spatial resolution of 30 m (https://earthexplorer.usgs.gov). In
selecting the image the aim was to avoid cloud cover and to maximize contrast be-
tween different land uses. An atmospheric correction was applied to improve the im-
age’s reflectance (Ellis and Porter-Bolland, 2008). A semi-supervised method was used
to classify the landscape according to the following three land uses: forest, agricul-
ture/grassland and bare soil. Agriculture and grassland were grouped together as these
produced very similar spectral signatures. To train the classification algorithm sam-
ples of the land uses were obtained from a high-resolution (0.5 m) Google Earth map
(WorldView- 2) (Mekasha et al. 2014), applying a maximum-likelihood algorithm (Ellis
and Porter-Bolland, 2008; Tolessa et al., 2017). The land use classification was performed
using the Semi-Automatic Classification Plugin (version 6.4.2) for QGIS (version 3.4).
The land use classification was further refined using shapefiles containing private
plots and common land (RAN, 2019b). Considering there is no agriculture in common
areas, every pixel classified as agriculture/grassland within common land was classi-
fied as grassland/fallow, while agriculture/grassland pixels within private plots were
classified as agriculture. Agricultural plots were randomly subdivided using the av-
erage incumbent proportion of fallow, maize, bean and milpa systems obtained from
survey data described below.
5.2.2.2 | Variable selection and data source
We used 25 production, nutritional, environmental and socio-economic indicators as at-
tributes for the resulting land use classification options (Table 5.1). Crop and animal
production indicators were obtained from 30 household surveys from each SCT and
SCA, comprising data from 157 plots (see Chapter 4). Nutrient and vitamin contents
were calculated from crop and animal yields, using nutritional references for each prod-
uct (see Chapter 4). Nutritional self-sufficiency was estimated based on the population
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size of each municipality, which was 680 persons for SCT and 1005 for SCA. Soil loss and
water infiltration data were estimated for each land use based on data from a field ex-
periment done in the area (Naranjo-Macias, 2019). To estimate above ground carbon, we
measured tree height and diameter at breast height (1.3 m) at 13 sample sites following
the methodology used for the Mexican carbon inventory (SEMARNAT and CONAFOR,
2011). Each site was composed of four sub-sample plots of 200 m2. Below ground car-
bon was obtained from 38 and 31 soil samples taken from SCT and SCA, respectively.
Samples were taken up to 30 cm depth, and the Walkey-Black method was used for
estimating soil organic carbon (Bhattacharyya et al., 2015). Potential labor and unused
labor were calculated from INEGI (2010). For the potential labor we only considered
the population between 15 and 60 years and assumed 8 h of work per day and around
300 working days per year. Labor requirement for each cropping system was obtained
from Reyna et al.. Unused labor was calculated as potential labor minus the labor used
for cropping activities and off-farm activities. Nutritional evenness was estimated using
shannon-index calculations to assess food richness and evenness, or in other words, to
measure food relative abundance in each municipality (Remans et al., 2011). We also
calculated the Satoyama index for assessing landscape patchiness, and the habitat con-
nectivity as proxy for landscape quality, using the methodologies described by Kadoya
and Washitani (2011) and Urban and Keitt (2001), respectively.
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5.2.2.3 | Objectives and restrictions
Objectives were defined by consulting the three major stakeholder categories; farm-
ers, local officials and NGO. The NGO and local officials’ objectives were defined in a
workshops held in 2015 and in 2017. We asked farmers about their objectives when vis-
iting households for estimating crop production. Objectives for each community were
similar. The two most frequently expressed goals by farmers were improving crop per-
formance and minimizing labor. The local NGO had as goals improving food security,
minimizing soil losses and increasing forest cover. In addition to the NGO’s goals, the
local officials also wanted to protect rivers and streams.
We translated the crop performance and food security goals into objectives for LI in
terms of maximizing produced dietary energy and vitamin A. Vitamin A was selected
because reaching self-sufficiency also guarantees that minimal requirements for other
nutrients and vitamins would be met (Chapter 4). Maximizing carbon stocks and habitat
connectivity were used as objectives to account for forest cover and spatial coherence.
For more detailed information on calculation and justification of the habitat connectivity
indicator we refer to Groot et al. (2010). The objectives used in LI are shown in Table 5.1.
Interaction with local officials and farmers revealed community regulations and
goals, which were implemented as restrictions in LI: 1) no forest clearing in common
areas, 2) no expansion of the cropped area, 3) each river and stream should be protected
by a 15 m forest buffer on each side, and 4) land use changes between cropping and
fallow were allowed.
5.3 | Results
5.3.1 | Current landscape performance
Total areas of SCT and SCA were 4220 and 3490 ha, respectively. Forest and fal-
low/grassland were the most common land uses in both municipalities, occupying
around 50 and 30% of the total territory in SCT, and 35 and 30% in SCA, respectively
(Figure 5.1). Crops occupied 20% of the total territory in SCT and SCA. Maize was
grown on around 15 and 10% of SCT and SCA territory, respectively. Bean took around
6% in each place. Milpa occupied less than 3% of the total territory in each municipality.
Both municipalities had similar nutritional evenness (Table 5.2). In SCT nutrient and
vitamin production was enough to feed the population of 679 people, except for vitamin
A, B9 and C. Vitamin A and C are found in high concentrations in squash, while vitamin
B9 is prevalent in common beans, and both crops are grown in milpa. The same defi-
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ciencies in vitamin production were found in SCA (Table 5.2). In addition, production
in SCA fell short of the population’s requirements for dietary energy, calcium, iron and
zinc. The lower nutritional performance in SCA was attributable to lower crop yields
and less cropland area compared to SCT. Nutritional performance in both municipalities
would benefit from a greater area with milpa.
Average maize yield in the milpa system was similar to the monoculture system in
both municipalities. Yields in SCT (0.8 t/ha) exceeded those of SCA (0.35t/ha). The
greatest observed maize yield in a milpa the system was 1.6 t/ha in each community.
The highest observed maize yield in monoculture differed, with SCT producing up to 2
t/ha and SCA 1.6 t/ha. Bean production under milpa was lower by a factor three when
compared to its monoculture counterpart. In SCT yields of bean were 0.15 t/ha under
monoculture and 0.05 t/ha under milpa. The highest observed bean yield as sole crop
was 0.45 t/ha for SCT and 0.25 t/ha for SCA. In SCA monocultures of bean yielded 0.12
t/ha as opposed to 0.04 t/ha when grown in milpa. The greatest bean yield recorded
under milpa was 0.2 t/ha in each community. On average, squash yields were 0.45 t/ha
in SCT and 0.22 t/ha in SCA. The greatest recorded squash yield was 1 t/ha in each
community. These results show that both communities had similar attainable yields,
but actual yields for SCA were consistently lower.
The amount of available labor in SCA (102,600 h) was double the amount in SCT.
The working population in SCT spent more time cropping and working off-farm, and
consequently had less of unused time (Table 5.2). In both municipalities the amount of
labor allocated to off-farm activities exceeded the time spent cropping. Since SCA had
more bare soil area, soil losses exceeded those in SCT (Table 5.2). The distribution of
plots across the municipalities affected habitat connectivity. The concentration of plots
in the mid-section of SCT (Figure 5.1) decreased its forest habitat connectivity by phys-
ically separating the forest on each side of the community. In SCA, forest cover was
found interspersed among plots, which permitted a greater habitat connectivity. Con-
sidering SCT had a larger forest area, it performed better than SCA in terms of carbon
stock. Satoyama index values in each municipality were 0.9 (the maximum possible
value is 1), meaning that both municipal landscapes had a high diversity of land uses
and showed patchy patterns.
Both municipalities had similar nutritional evenness (Table 5.2). Nevertheless, SCT
presented a higher production for every nutrient and vitamin assessed, and it was able
to produce enough nutrients and vitamins to feed its population of 679 people, except
for vitamin A, B9 and C. Vitamin A and C are found in high concentrations in squash,
while vitamin B9 is prevalent in common beans, and both crops are grown in milpa.
The same deficiency in vitamin production was found in SCA. Production deficiencies
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for dietary energy, calcium, iron and zinc were also found in SCA. The lower nutritional
performance for SCA was attributable to lower crop yield, and less cropland area, and
nutritional performance in both municipalities would benefit from more milpa produc-
tion.
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Chapter 5.
5.3.2 | Exploring landscape configuration alternatives
Synergies were found between vitamin A and dietary energy, although at the expense of
higher labor requirements (Figure 5.2). Synergies also existed between landscape con-
nectivity and carbon stock, with greater landscape connectivity being associated with
greater carbon stock. Solutions that increased dietary energy and vitamin A traded-off
with carbon stock and connectivity, and increased soil losses.
Figure 5.2: Performance of alternative Pareto-optimal landscapes expressed in six objec-
tives: dietary energy, connectivity, carbon stock, vitamin A, labor, and erosion. Squares
represent current landscape performance. Dashed lines indicate the food self-sufficiency
threshold. Blue: San Cristóbal Amoltepec, red: San Catarina de Tayata.
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Compared to land use configuration alternatives, current soil losses for both mu-
nicipalities were low. Therefore, other landscape solutions implied more erosion. This
suggests that other agricultural practices should be considered for reducing soil losses.
When considering all solutions (Figure 5.2) current carbon stocks represented inter-
mediate levels. Improving carbon stocks can be achieved by increasing forest cover, but
also by allocating land to grassland (Figure 5.3). These land uses compete with use as
cropland, and therefore result in trade-offs with nutritional self-sufficiency.
Current municipal landscapes performed relatively poorly in terms of landscape
connectivity, vitamin A and dietary energy in comparison with the generated alterna-
tives (Figure 5.2). As consequence of higher milpa yield, SCT was found to be able to
potentially produce more vitamin A than SCA, while using less labor per ha. Landscape
solutions involving an increase in vitamin A usually involved a reduction in grassland,
and resulted in increased soil erosion. Nevertheless, it was possible to improve vitamin
A production while also improving carbon stock and landscape connectivity. The dot-
ted lines in Figure 5.2 represent the threshold for reaching nutritional self-sufficiency;
the solution space above the dotted lines guarantees nutritional self-sufficiency. For
SCT a larger number of Pareto-optimal alternative landscapes could be found, offering
a larger window of opportunity when compared to SCA.
Both municipal landscapes currently have a low production of vitamin A when com-
pared to alternative configurations (see black arrows in Figure 5.3). Vitamin A self-
sufficiency is reached with 10% and 30% of the total area allocated to milpa in SCT and
SCA, respectively. The increase in milpa area is associated with less area under grass-
land, forest, and, to a lesser extent, monoculture of maize and bean. SCT has enough
labor to produce milpa on up to 12% of its territory without requiring a reduction in the
time spent on off-farm activities (see vertical black bar in Figure 5.3).
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Figure 5.3: Land use in relation to vitamin A production, as derived from Landscape IM-
AGES optimization with 6 objectives (see Figure 5.2). Vitamin A production was sorted
from low to high and the associated land use allocation is displayed. Vertical red lines
represent the nutritional self-sufficiency threshold, and vertical black lines represent the
threshold in which labor required for cropping would affect off-farm activities. Black
arrows represent the current land use proportions.
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5.4 | Discussion
Compared to Santa Catarina Tayata, San Cristóbal Amoltepec had lower nutritional
self-sufficiency and higher soil losses. However, SCA showed a larger degree of habi-
tat connectivity. In neither municipality nutritional self-sufficiency was reached. In-
creasing milpa production area was effective for improving nutritional self-sufficiency.
Results showed several landscape configuration alternatives for reaching nutritional
self-sufficiency while increasing carbon stocks and habitat connectivity for SCT. How-
ever, most solutions would increase soil erosion. For SCA, reaching nutritional self-
sufficiency would reduce the solution space for improving other ecosystem services, as
a large part of the territory would have to be used for milpa instead of other land uses.
International organizations call for nutrient-sensitive landscapes solutions (Biover-
sity International, 2014; IFPRI, 2014). Sayer et al. (2013) draw attention to the relevance
of food security in land use planning. Broegaard et al. (2017) followed a NSL approach
to a wide array of food from forests, fallow and agricultural fields to demonstrate wild
food relevance in decreasing protein deficiency. Kennedy et al. (2017) applied the NSL
approach in three African countries, where they aimed at identifying nutritional gaps
and potential ways for improving food diversity. However, their study did not explicitly
incorporate landscape elements. Alders and Kock (2017) used the NSL approach prin-
ciples to connect food security to wildlife conservation. Powell et al. (2015) called for
research to understand how communities manage their landscapes to achieve healthy
food production, and to assess whether these landscapes can support healthy dietary
choices. Similar to the study from Broegaard et al. (2017), our study assessed food pro-
duction according to different land uses. However, our study is the first to include a
set of nutritional components in the analysis and relate nutritional self-sufficiency with
ecosystem services. Furthermore, it answers the question raised by Fabricius et al. (2007)
regarding how landscapes can sustain healthy food production.
While municipalities had the same objectives for their landscapes, current munici-
pal landscapes performed differently for most indicators. These differences were mostly
caused by demography and crop yields. The population size of SCA was double that
of SCT, while in SCA crop yields and nutritional values were lower than in SCT. Land-
scape connectivity in SCA was larger because of the plot pattern, with plots scattered
across the municipality instead of being concentrated in one area like in SCT. Despite
the greater landscape connectivity in SCA, soil erosion levels exceeded those in SCT
due to larger areas of bare soil. Although poverty and population density are usually
associated with land degradation, a global study showed no clear correlation between
degradation on the one hand and population size and poverty on the other (Bai et al.,
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2013; Schild et al., 2018). Results in Chapter 3 also did not find any link between degra-
dation and population size and poverty at the watershed level.
Vitamin A and C were produced in low quantities in each case study municipality.
Vitamin A deficiency is a common problem for Mexico (Leatherman et al., 2019; Mora
et al., 1998), with alarming cases of severe deficiency in children (Brito et al., 2015). Also
for other places in Latin America (Brito et al., 2015; Mora et al., 1998) and the world
(Laillou et al., 2012; Timler et al., 2020) vitamin A deficiency has been reported as an
important problem. Reaching full self-sufficiency for every nutrient and vitamin was
possible in the case studies by cultivating greater areas of traditional milpa systems, as
these produce not only high amounts of vitamin A, but also harness production of other
nutritional components such as vitamin C, zinc and iron (Figure 4.5).
Reaching nutritional self-sufficiency in each municipality is possible without im-
proving crop performance, expanding agriculture or changing agricultural systems or
practices. However, effectively improving nutritional self-sufficiency would require an
increase in milpa production, which proved to be the cropping system with the smallest
share of the land in both communities. Other places in Mexico exhibit similar prefer-
ences for cropping systems other than milpa (Birol et al., 2009; Gutierrez-Carbajal and
Magaña-Magaña, 2017; Kontoleon et al., 2009; Otero Prevost et al., 2018; Richard, 2008;
Rodriguez and Arias, 2014). Lack of available labor is usually one of the main causes
of abolishing milpa. Our results showed that currently available labor was enough to
increase the area under milpa in both municipalities. Labor peaks associated with crop-
ping activities especially during sowing, weeding and harvesting season, however, were
not taken into account in our calculations.
Manual weeding is the operation that takes up most time and farmers prefer us-
ing herbicides to reduce labor. In milpa, use of herbicides is not practical as dicots and
monocots are grown in close proximity (Reyna et al.). Furthermore, an increasing num-
ber of farmers are engaging in off-farm activities (see Chapter 2), which can compete
with milpa production. Therefore, solutions for improving self-sufficiency should focus
on increasing crop yields while decreasing labor. Flores-Sánchez et al. (2015) showed
that it is possible to improve crop yields without increasing too much labor through
better crop nutrition in south-west Mexico. Reyna-Ramírez et al. (2018) showed some
benefits of applying organic amendments to improve milpa production, while maintain-
ing labor requirements. Parsons et al. (2009) found alternative herbicide strategies for
milpa by delaying its application to mid-season in Yucatán to reduce herbicide impact
on companion crops.
Reaching food self-sufficiency in SCT would require at least 10% of the territory
under milpa, and 30% in SCA. Increasing milpa to 30% of the SCA territory, equivalent
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with 65% of the cropland area would require a decrease of monocropping of maize and
bean and of fallow. Fallow and the volunteer weeds growing on it is used as food
source for sheep. Sheep in turn have an important role in soil fertility. In addition,
decreasing the area under fallow has been associated with lower crop yields due to less
time for the soil to recover chemically, physically or biologically (Dalle and de Blois,
2006; Parsons et al., 2009). Thus, improving milpa yields in SCA appears as a more
viable alternative. Comparing maximum observed crop yields shows that there is ample
room for improvement and interventions should focus on this. At the political level,
efforts should be made to stimulate milpa production instead of steering farmers away
from it towards monoculture production.
This type of study helped identifying major issues such as nutritional self-sufficiency
problems, low food production and crop yield. Based on these, targeted actions can be
implemented. The multi-objective analysis permitted including communities’ goals into
the modelling phase. the modelling approach can be adjusted to different contexts and
regions that require landscape-level solutions. Fitting policies to the diversity of local
contexts, especially in Mexico with over 2000 municipalities could address solutions
that benefit as many people as possible, such as supporting milpa systems for improving
self-sufficiency.
This study has some shortcomings. First, the study focused on nutritional self-
sufficiency, which assesses points like food availability and food utilization. While both
are important for a food security assessment, data on access to food is required for a full
panorama on food security. Second, while this study explored landscape alternatives
based on the context of two municipalities, it leaves questions about how to scale-up
and incorporate the findings in regional landscape planning.
5.5 | Conclusions
The nutrient-sensitive landscapes approach requires evaluating the potential landscapes
have to sustain a healthy nutrition while improving ecosystem services. Reaching food
self-sufficiency in each study case was possible by increasing milpa production. As con-
sequence of low crop yield and larger population size in SCA, the landscape alternatives
that would improve both nutritional self-sufficiency and ecosystem services were lim-
ited without technical interventions. Furthermore, solutions for improving nutritional
self-sufficiency involved increasing milpa, which farmers avoid due to its high labor
requirements. Therefore, technical interventions should target increasing milpa pro-
duction while reducing labor requirements. With successful interventions, nutritional
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self-sufficiency would be achieved with less area, providing more landscapes alterna-
tives for improving ecosystem services.
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Chapter 6: General discussion
6.1 | Introduction
Changes in land use can degrade ecosystem services and impact rural livelihoods
through reduced crop and animal production. My overarching goal was to assess
livelihood and landscape trajectories as a basis for exploring landscape alternatives that
would improve nutritional self-sufficiency while reducing the deterioration of ecosys-
tem services. Using different methodologies and assessing multiple temporal and spa-
tial scales in two municipalities in Oaxaca, Mexico, I was able to answer my research
questions by: 1) describing how changes in land tenure policies, government support,
and migration affected household type dynamics, 2) showing how communities change
their landscape based on the landscape-level issues they perceive, 3) estimating nutri-
tional self-sufficiency at the municipal level, and quantifying and contrasting cropping
systems according to their nutritional value, and 4) revealing landscape configuration
options and trade-offs, based on different stakeholder objectives for improving nutri-
tional self-sufficiency. Each chapter discusses associates methodological shortcomings
and identifies further research needs based on our findings. This study is the first to inte-
grate household and landscape trajectories in a nutrition-sensitive landscapes approach,
as well as the first to include the role of communities in landscape management, focus-
ing on improving nutritional self-sufficiency. In Figure 6.1, I summarize the connection
between chapters, demonstrating the way that knowledge of household and landscape
trajectories contributed to the overarching goal of this thesis.
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Figure 6.1: Thesis structure and main findings per chapter. Chapters 2 to 4 describe
household and landscape trajectories and their influence on the potential for improving
current nutritional self-sufficiency and ecosystem services, described in Chapter 5
Chapter 2 shows how drivers of change contributed to the diversification of house-
hold types over time. Land tenure policies in the 1990s facilitated ownership transfer.
Landless households began to own land during this process. Other households bought
land and a new household type emerged, marked by a larger plot area. As more people
started migrating, the labor migrant household type emerged. A number of households
from that group "stepped up" by accumulating assets such as land or animals. Differ-
ent government support types had different effects on households. Households that
received agriculture-targeted subsidies continued to manage their farming activities,
while family allowances gave them more freedom to explore off-farm activities.
In Chapter 3, I analyze landscape change at the watershed and municipal levels.
At the watershed level, communities with high marginalization and forest coverage
above 70% were more prone to deforestation. Decreases in agricultural land were re-
lated to drought risk and migration, which I demonstrate by assessing the evolution
of community landscape management. This uncovers drivers of change that could
not be identified with a watershed-level analysis. Both communities showed similar
trends of drivers and land use change. In order to target soil degradation and forest
regeneration problems, communities enforced grazing regulations. Additionally, they
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restricted slash-and-burn agricultural expansion, which was rapidly causing deforesta-
tion. Presently, communities have tight control over their forests and do not allow any
logging activity.
Nutritional self-sufficiency is explored in Chapter 4. The two case study municipal-
ities showed different levels of nutritional self-sufficiency, despite the fact that they are
located in similar agroecological areas. Low crop yields and a higher relative population
density resulted in lower nutritional self-sufficiency in the community of San Cristóbal
Amoltepec compared to Santa Catarina Tayata. I also showed that in both communities,
the consumption of vitamins A and C from their own crops was consistently low, which
can be attributed to the low milpa production.
Finally, in Chapter 5 I use the insights compiled from the other chapters to ex-
plore landscape configuration alternatives for improving nutritional self-sufficiency and
ecosystem services. Trade-offs were found between the production of vitamin A, carbon
stocks, and landscape connectivity. For both communities, it was found to be possible
to reach nutritional self-sufficiency while respecting the local landscape restrictions that
were identified in Chapter 3. Options for improving ecosystem services in San Cristóbal
Amoltepec were reduced due to the lower crop performance and higher population de-
mands for food. In comparison, Santa Catarina Tayata had more opportunity to im-
prove nutritional self-sufficiency and ecosystem services (such as habitat connectivity
and carbon sequestration).
6.2 | Assessing multi-level change: how households
and landscape trajectories are related
Landscape and socio-economic changes are connected (Misselhorn, 2005; Shackle-
ton and Luckert, 2015), and land use changes are affecting the capacity of landscapes to
provide, regulate and support ecosystem services that humans depend upon (Kebede,
2019). Therefore, studies on landscape trajectories are not complete without the inclu-
sion of a human or socio-economic perspective.
Combining Chapters 2 and 3 reveals how a particular driver of change can impact
the different scales that are being analyzed. At the watershed level, migration was asso-
ciated with a decrease in land use for agriculture, but it was not associated with changes
in forested area. At the municipal level, local officials and farmers reported observations
of an increase in forest (in abandoned cropland), which they associated with migration.
The municipal land use change analysis corroborated their reports. Land abandonment,
which is followed by an increase in forest cover, has been reported in other parts of
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Mexico (García-Barrios et al., 2009), in the Caribbean (Aide et al., 2000b; Timms et al.,
2013), Central America (Kull et al., 2007), the Mediterranean (Malavasi et al., 2018), Asia
(Ashraf et al., 2017) and Africa (Jacob et al., 2017; Njwaxu and Shackleton, 2019). At
the household level, we observed that migration had a negative impact on agricultural
activities. A number of farmers reported a reduction in animal production, or a simpli-
fication of cropping systems related to labor constraints. Other authors also found mi-
gration to affect crop production as a result of labor constraints (Atamanov and Van den
Berg, 2012; Collins, 2017; Nguyen et al., 2019), although Yang et al. (2016) found that it
did not. We observed several cases where migration leveraged households by allowing
them to invest in animal production or purchase land. Other cases where migration
resulted in opportunities for investing in farming activities have been recorded in Asia
(Dulal et al., 2018; Maharjan et al., 2013) and Africa (Mabrouk and Mekni, 2018).
Changes in land tenure policies impacted the watershed, municipal and household
levels in different ways. In the early 1990s, private plots and common areas were of-
ficially delineated with the goal to insert Mexico into an open market context (INEGI,
2000). The restricted access to land limited agricultural expansion, as was evident in
the land use change analysis for the Rio-Sordo watershed over the last 30 years (Chap-
ter 3). At the municipal level, we observed a similar result, with no signs of cropland
expansion reaching common land. For households, these changes allowed them to ex-
pand through land purchases. Landless households also took this opportunity to invest
in and own properties. Thus, while the total area of land under agricultural production
remained the same, important changes in livelihood assets were found. Torres-Mazuera
(2015) explains that the easier transfer of land ownership reduces the number of house-
holds on populated areas, because when farmers sell their land to dedicate themselves
to other economic activities, it stimulates migration. Communities as acted as drivers of
landscape and household change. This was particularly clear in the context of animal
production—communities restricted goat production, and forbade them from grazing
on common land because they associated this practice with low forest regeneration.
At the landscape level, this resulted in more forest cover. This effect could not be ob-
served in the watershed level analysis, as it does not allow an assessment of local reg-
ulations that could affect grazing. Goats have long been perceived to cause damage to
the landscape in the region (Mindek, 2003; Morett-Sánchez and Cosío-Ruiz, 2017; Tay-
lor, 2003). Some studies suggest that keeping goats away from forest regeneration areas
will increase conservation success (Nuñez and Marten, 2010). Households responded
to changes in grazing regulations by replacing goats with sheep. However, this type of
strategy might not always be possible. For instance, I observed that some households
had to sell their animals during a time of financial stress, from which ultimately, they
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could not recover and re-invest in new livestock. Local regulations (such as the one that
restricted goat production) would force households to sell or consume their animals to
adjust to the new regulation, therefore imposing a stress from which they might not
recover.
To synthesize, migration either impacted households by restricting their labor or by
allowing them to invest in agriculture. These changes at the household level triggered
land use change, such as forest growth in abandoned croplands. Land tenure processes
that took place in Mexico imposed landscape restrictions and avoided agricultural ex-
pansion, but at the same time brought significant changes to households by allowing
them to own more land. As suggested by Torres-Mazuera (2015), the changes in land
tenure might have contributed to land abandonment, as households were allowed to
sell their land and dedicate themselves to other activities. This type of cause-and-effect
demonstrates the relevance of studying landscape and household trajectories together.
6.3 | The role of communities in landscape conserva-
tion
According to Barnes (2009), communities gradually began losing control over their
lands from the Spanish colonization period until the Mexican revolution in 1917, which
marked the period when these lands were given back to communities. Bray and Merino-
Pérez (2007) estimate that 80% of the total forested area in Mexico belongs to communi-
ties, although acknowledge that a better estimation is required. They also mention that
landscapes managed by communities offer a potential for ecosystem services, mention-
ing that more studies are still needed.
Ellis and Porter-Bolland (2008) contrasted community-based forestry management
against forestry management in protected areas, showing how communities can fight
against deforestation and suggesting that they be included in conservation strategies.
Navarro-Cerrillo et al. (2019) recorded reforestation cases in community-managed land-
scapes of Sierra de Juarez, Oaxaca. In contrast to these positive findings, Honey-Rosés
(2009) found illegal logging being ignored when communities’ organizational structures
were weak and allowed corruption to enter. In Chapter 3, I showed that the two case
study communities increased their forested areas. This occurred because, firstly, com-
munities had authority over the common land, and secondly, a clear separation between
common and private land granted communities tighter control over land use change,
particularly in regards to logging and restricting agricultural activities that would dam-
age forests. Separating the common area from the private area proved to be effective
against deforestation (Bray, 2004; Dalle and de Blois, 2006; Ellis and Porter-Bolland,
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2008). This separation is no guarantee for avoiding deforestation, as shown by Pfaff
et al. (2015) for the Brazilian context, in which protected areas close to cities or roads
had high deforestation rates. Based on my findings and on the literature, I argue that a
weak community interest in preserving the landscape or an unclear definition of land
titles threaten the success of community-based land conservation.
6.4 | Integrating multi-scale trajectories in landscape
management
Trajectory assessment adds a deeper understanding of the socio-economic and environ-
mental contexts. With (2007) states that ignoring trajectories is risky from a conserva-
tion or management perspective, because landscapes are dynamic. Adopting a time
perspective allows managers to better define goals that meet societal needs for goods
and services. Masunungure and Shackleton (2018) studied trajectories to propose al-
ternatives that would improve household responses to drivers of change. Shackleton
et al. (2019) argue that trajectory analysis helps to identify poorly adapted responses,
as well as avoid their repetition. Bathfield et al. (2016) used household trajectories to
describe how coffee and honey farmers make their decisions based on uncertainties,
such as the international market. Renard et al. (2015) showed how ecosystem service
bundles can change overtime. Though these studies show the importance of trajectory
studies, they usually only consider one level of analysis, which is either household or
landscape. Integrating these different levels (as was done in this study) provides a better
understanding of the context. Interventions that fail to consider socio-economic and po-
litical contexts can bring negative consequences to ecosystem services and households
(Shackleton et al., 2019).
In Chapter 3, I discuss how a mismatch between government goals has the poten-
tial to revert communities’ landscape progress. Recently, the Mexican government has
pushed goals for boosting animal production, which could reintroduce goat produc-
tion into the communities and intensify the soil degradation process. Scheba (2018)
encountered this mismatch between governance institutions and communities in Tan-
zania, stating that this is an issue that arises from top-down, market-oriented conser-
vation plans. These mismatches might also arise from incompatible community and
individual household goals, such as seen with the example of grazing regulations that
were reinforced by communities (and their effects on households that raised goats).
While the multi-level trajectory analysis helps to highlight these mismatches, it also
helps to identify potential landscape management options. In Chapter 3, I discuss a
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governmental program, which seeks to incorporate fruit trees into the traditional milpa
systems, as aligned with communities’ goals. The program aims to improve households’
food production while, at the same time, promoting more vegetative coverage. Munic-
ipal and farmers goals are pursued synergistically. To the municipalities, the program
aligns with their trajectory of improving forest cover and fighting erosion. Farmers that
were interviewed for Chapter 2 expressed that they wanted more fruit trees, but their
availability was scarce and they were expensive, making the program a welcome addi-
tion to household trajectories.
Trajectory studies also reveal long-persistent problems, which should be addressed
in landscape management. At the household level, we observed disinterest in the milpa
systems, which is a nationwide trend in Mexico (Gutierrez-Carbajal and Magaña-Magaña,
2017; Kontoleon et al., 2009; Otero Prevost et al., 2018; Vázquez González et al., 2018).
In Chapter 4, we revealed how this lack of interest in milpa systems translated to low
production of vitamins A and C. This problem dates from at least the early 1990s and re-
quires a new solution. For that purpose, assessing whether the landscapes can provide
healthy nutrition becomes essential to attaining populations’ food demands.
6.5 | The importance of nutrition-sensitive landscapes
approach
In Chapter 5, I explored landscape configuration alternatives that were based on ob-
jectives defined by multiple stakeholders. These objectives aimed to improve natural
resource conservation by reducing soil erosion, increasing forested area, increasing crop
production, and reducing labor requirements. Increasing crop production was a point
raised by all stakeholders. When defining these goals, stakeholders were mostly refer-
ring to maize and bean production. The analysis showed how focusing only on increas-
ing maize and bean production can have some nutritional pitfalls.
Vitamin A deficiencies have been a topic of concern across Latin America for a long
time (Mora et al., 1998). Some countries, like Guatemala and Costa Rica, were able to
eliminate the problem through food fortification (or food enrichment with nutritional
elements) with vitamin A. Other countries in Africa successfully fought vitamin A de-
ficiency with biofortification of maize (plant breeding for higher vitamin concentration
in the plant) (Govender et al., 2019; Menkir et al., 2018). Mexico, however, proved to
be less effective in eliminating vitamin A deficiency, and severe rates of deficiency for
children exist (Cediel et al., 2015; de Romaña and Cediel, 2017). Vitamin A is present in
high quantities in squash (INCAP, 2006), which is commonly found in milpa systems.
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Leatherman et al. (2019) found that households with marginal milpa production have
vitamin A, C, and zinc deficiencies in Yucatán, Mexico. While we did not measure the
actual nutritional deficiencies, we estimated the production of dietary energy, nutrients
and vitamins from current crop production. Both case study municipalities had very
low production of vitamin A and C, and SCA showed even lower production of other
nutritional factors. Leatherman et al. (2019) also discuss that deficiencies of vitamins
and micronutrients can be exacerbated by maize-rich diets. To my knowledge, there are
no studies relating nutrient deficiencies in Mexico to the decline of milpa production
over the last decades. Since milpa offers higher nutritional benefits than monocropping
systems (Chapter 4) we could infer that food security decline is related to farmers’ aban-
donment of milpa. This is especially important for subsistence agriculture, such as that
in the case studies. A lack of nutritional self-sufficiency, in combination with landscape-
level issues (like high soil erosion levels), clearly calls for an NSL approach, which still
has not been widely applied. Kennedy et al. (2017) applied the NSL approach in three
African countries to understand nutritional gaps and to identify potential cropping sys-
tems for producing higher food diversity. They did not explicitly integrate ESs in their
assessment, and results from chapters 4 and 5 lead me to conclude that this factor is
paramount for assessing landscape options.
6.6 | Bringing the nutrition-sensitive landscapes ap-
proach to theMixteca Alta and other contexts
Based on studies by Kennedy et al. (2017), I summarize NSL as those landscapes that
are able to sustain the population with a balanced diet, without causing environmental
damage. To attain this goal, we explored landscape alternatives using the LandscapeIM-
AGES framework. Results revealed how to solve some of the nutritional self-sufficiency
issues at the political and technical level to enable greater provision of landscape ecosys-
tem services.
The modelling framework showed that with current practices, nutritional self-
sufficiency could only be achieved in SCA by producing milpa on 30% of its territory.
This solution can be achieved only at the cost of other ecosystem services, since an ade-
quate supply of milpa would require a large part of the territory and thus a reduction in
habitat connectivity and an increase in soil erosion. In order to improve both nutritional
self-sufficiency and ecosystem services, interventions are needed.
At the technical level, interventions should consider that households in the area
avoid milpa production due to its high labor demands. Cropping systems involving
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multiple species are known for their elevated labor input (Dahlin and Rusinamhodzi,
2019; Gliessman et al., 1998; Yamane et al., 2016). In the case study, applying fertilizer
usually causes damage to companion crops (Reyna et al.), and therefore, from a produc-
tion perspective, efforts should be made towards finding alternatives that reduce labor
requirements for weeding. In Chapter 4, I show how milpa produces less food per hour
worked.
At the policy level, interventions should target benefits to farmers for growing
milpa. Based on my findings in Chapter 2, households receiving direct payments to
grow specific crops tend to rely more on farming activities than on off-farm income.
Considering that plots with milpa are not eligible for receiving financial benefits from
PROCAMPO, I argue that revising the program to include milpa would not only stim-
ulate farmers to maintain their farming activities, but would also improve households’
nutritional self-sufficiency.
Other interventions, such as biofortification of maize with vitamin A, would not
require major changes to current agricultural systems. This option has the potential
to improve the vitamin A deficiency in Mexico, especially when considering the coun-
try’s struggle in fighting the deficiency. Nevertheless, this solution does not address
other nutritional shortcomings, and a greater food diversity is always a more-desired
option for better nutrition (EAT-Lancet Commission, 2019; Kennedy et al., 2010; Ngala,
2015; Remans et al., 2011). Biofortification with vitamin A could reduce shortcomings
in SCA and SCT l, but it would not solve other production deficiencies such as vitamin
C and zinc. This shows that “one size fits all" approach should be avoided (Cleary and
van Caenegem, 2017; Pannell et al., 2014; Thierfelder et al., 2015). Approaches such as
NSL explicitly consider locally specific interactions between ESs and nutritional self-
sufficiency.
While this study focused on the Mixtec context, other regions share similar problems
with food insecurity and high degradation of ecosystem services (Bommarco et al., 2018;
Gomiero, 2016; Mekuria, 2019). This study shows a case of low crop yields constraining
options for improving both nutritional self-sufficiency and ecosystem services. To solve
this issue, interventions should focus on finding alternatives for improving crop yields
of systems that offer nutritional diversity. Such approach would require less land to
reach nutritional self-sufficiency and allow more room for improving other ecosystem
services.
During our stay in the area, the local NGO and official authorities expressed their
desire to develop a land use plan. They want to use this plan to obtain funding that
could be invested in community land. Results from Chapter 5 will be shared with these
stakeholders to offer an opportunity to put our findings into practice. Work in the area
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will continue and will stimulate uptake of results in locally appropriate ways.
6.7 | Conclusions
This study connected landscape and household trajectories to several drivers of change,
shedding light on the role that communities play as drivers of change. The trajectory
analysis revealed the relationship between long-persistent problems, such as migration,
decline of milpa, and low nutritional self-sufficiency. The main conclusions of this thesis
are:
 The diversity of household types is dynamic and can be affected by drivers such
as migration, government support and land tenure policy changes;
 Communities have an important role as drivers of landscape and household
change, reinforcing or counteracting the perceived effects of higher-level drivers;
 The replacement of traditional polycropping systems for monocropping systems
poses threats to rural food security by reducing their nutritional self-sufficiency,
and;
 It is possible to reconstruct landscapes to produce healthy food while improving
other ecosystem services, as long as local constraints are understood and consid-
ered when proposing interventions.
 Although at the landscape level there are trade-offs between nutritional factors
(e.g. dietary energy and other nutritional components) and ecosystem services,
such as soil erosion control, habitat connectivity and carbon stocks, this study
revealed that there is also room for synergies between these at both household
and landscape level.
The majority of forests in Mexico is under communities’ governance, and communi-
ties have shown great promises in conserving natural resources, and their importance
should not be disregarded.
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Figure 1: PCA analysis and HCA on 24, 34 and 44 household in 1988-1997, 1998-2007
and 2008-2017 periods, respectively.
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Figure 2: Regression tree with forest cover difference between 1984 and 2017 as target
variable.
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Summary
Chapter 1 provides a general introduction for this thesis, focusing on humans drive land
use change and affect the capacity of landscapes to provide ecosystem services. These
changes influence the livelihood and food security of the rural people and may have
undesirable socio-economic consequences such as induced marginalization, migration,
and land abandonment. The development of landscape-level alternatives that aim at im-
proving landscapes’ capacity to provide ecosystem services and nutritious food should
consider the interplay between household and landscape trajectories. Rapid land use
change in the Mixteca region began with the Spanish colonization. A combination of
land abandonment, overgrazing, and logging stimulated by colonists led to a severe
soil degradation process, which is perceived to this day. Soil degradation negatively
affected ecosystem services such as food provision and water regulation. In addition
to landscape issues, more than 60% of the population in the region lives under poverty.
Rural households typically face problems with low crop and animal productivity, lack
of technical support for agriculture, lack of employment alternatives, and elevated rates
of population migration. Policies against rural poverty targeted promoting the culti-
vation of profitable crops while trying to move farmers’ interest away from traditional
poly-cropping systems such as milpa, increasing risks of food insecurity. Understand-
ing these trajectories is essential for identifying constraints and potentials for effective
landscape-management solutions that help improving ecosystem services while pro-
viding food to satisfy the population’s nutritional needs. Therefore, this thesis aimed to
assess the effect of drivers of change on household and landscape trajectories; to eval-
uate current landscape performance in terms of ecosystem services and food provision;
and to explore landscape alternatives that would improve nutritional self-sufficiency
without degrading other ecosystem services. This study was conducted in two mu-
nicipalities situated in the Mixteca Alta region, Santa Catarina Tayata (SCT) and San
Cristóbal Amoltepec (SCA).
Chapter 2 assesses the evolution of households and the relation between household
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type diversity and major drivers of change. The starting point revealed three household
types, characterized by landless farmers (relying on renting and borrowing land), mid-
sized farmers and animal production focused. As more people started migrating, a new
household type was formed, defining the labor migrant household type. With changes
in land tenure, households were allowed to purchase land, forming a relatively large-
scale household type. Also as a consequence of changes in land tenure policies, the
household type marked by landless farmers decreased, as a number of them started
acquiring land. According to different strategies, half of the households changed to
different household types, while the other half remained in the same household type.
The type of government support affected the household’s activities. Agriculture-related
subsidies tended to keep the household’s activities restricted to farming, as several rules
had to be complied with to continue receiving the support. On the other hand, family-
allowance supports were not related to any activity and gave households more freedom
to explore other sources of income. Such a study can be used to articulate better policies
by monitoring their impact and households’ strategic response.
Chapter 3 evaluates land use change at the watershed and municipal level. The
study uses random forest models to describe regional variables affecting land use
changes in the Rio-Sordo watershed. Places with high marginalization and more than
70% of forest cover were prone to deforestation. Places with elevated migration and
high risks of drought were likely to abandon agricultural activities. At the munici-
pal level, communities played an important role as drivers of change. By asserting
governance over common land, communities mobilized to tackle deforestation and soil
degradation. To solve these issues, communities enforced local regulations that targeted
logging and overgrazing while promoting reforestation campaigns. These actions had
a positive impact on forest growth and bare soil reduction over the last 30 years. Com-
munities’ role in landscape conservation is promising, especially when considering that
the majority of forests in Mexico are under communities’ governance. Nevertheless, na-
tional policies can revert communities’ conservation progress. For instance, a current
national program aims at stimulating animal production by offering farmers animals to
start a breeding process. Such a could bring back grazing issues among the commu-
nity and resume processes of deforestation and soil degradation. While these programs
could potentially benefit households, they should be carefully analyzed to avoid conflict
of interest and hamper communities’ landscape conservation plans.
Chapter 4 analyses the role of traditional milpa in food security and self-sufficiency.
As a result of several national policies and cultural, demographic shifts in Mexico, milpa
systems are declining. This chapter focuses on contrasting milpa against monoculture
of maize and bean in SCT and SCA. The two municipalities differed in terms of nutri-
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tional self-sufficiency. SCT provided its population with sufficient amounts of dietary
energy, protein, micronutrients, and most vitamins. SCA had low production of sev-
eral nutritional elements. The low nutritional self-sufficiency in SCA was attributed to
low crop yields and large population size. Both municipalities had an insufficient pro-
duction of Vitamin A and C, as a consequence of decreasing milpa production. Milpa
system produced a full set of nutritional elements (except for vitamin B12), being able to
feed completely at least two persons per hectare per year. Bean grown as sole crop pro-
vided high amounts of vitamin B9, being able to feed at least four persons per hectare
per year. Because of its high vitamin B9 production, a monoculture of bean offers an
alternative to remedy nutritional deficiencies associated with the vitamin, but it lacked
other nutritional elements. Finally, maize lacked in zinc and vitamins A and C. This
chapter shows the importance of assessing crops in terms of their nutritional benefits,
instead of mainly focusing on volume or calories produced, providing thus a complete
panorama on the nutritional self-sufficiency. It also shows the benefits of poly-cropping
systems for their nutritional complementarity.
Chapter 5 builds upon the previous chapter. It uses the nutrition-sensitive land-
scapes approach to explore landscape alternatives for improving the nutritional self-
sufficiency and ecosystem services of the case studies. The LandscapeIMAGES frame-
work was used to explore trade-offs and synergies between multiple objectives. Results
revealed trade-offs between the production of vitamin A and habitat connectivity, car-
bon stock, and soil erosion. Production of vitamin A was also related to higher labor
demands. Both communities could potentially reach nutritional self-sufficiency. Nev-
ertheless, SCA would require growing milpa on around 30% of its territory to reach
its self-sufficiency, while SCT would require a land share of 10%. By requiring less
land to reach its self-sufficiency, SCT has more room for improving other ecosystem
services. While both communities could potentially reach a nutritional self-sufficiency
status through milpa production, the reality showed that farmers avoid this system due
to its high labor demands and also due to public policies that largely discouraged farm-
ers to grow milpa. Therefore, interventions should focus on targeting low crop pro-
duction and providing farmers with alternatives for growing milpa that maximizes the
production per hour worked. By increasing milpa yields, less land with milpa would be
required to reach nutritional self-sufficiency, thus increasing the number of alternatives
for improving other ecosystem services.
Lastly, Chapter 6 summarizes and integrates the findings of this study. It highlights
the importance of connecting household, community, and watershed level trajectories.
It also discusses the role of communities in landscape management and conservation.
The chapter finishes by discussing how to integrate nutrition-sensitive landscapes ap-
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proach in the Mixtec context and shows its relevance to similar contexts.
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Samenvatting
Hoofdstuk 1 Door het wisselende grondgebruik beïnvloedt de mens de capaciteit van
landschappen om een bijdrage te leveren aan het ecosysteem. Deze veranderingen beïn-
vloeden de voedselzekerheid en leefomstandigheden van de rurale bevolking met mo-
gelijke onbedoelde sociaaleconomische consequenties zoals marginalisatie, migratie en
degradatie van land. De ontwikkelingen van alternatieve strategieën, die ogen op ver-
betering van de bijdrage aan het landschap en haar ecosysteembijdrage en voedings-
waarde van voedsel, moeten ook rekening houden met de wisselwerking tussen huis-
houdens en landschap in een bepaald tijdsbestek. Het snel veranderen van grondge-
bruik in de La Mixteca regio begon met de Spaanse kolonisatie. Een combinatie van
landdegradatie, overbegrazing en ontbossing, die werd gestimuleerd door de kolonis-
ten, heeft geleid tot heftige bodemvervuiling, waarvan de effecten nog steeds te vinden
zijn. Grondvervuiling heeft een negatief effect op de bijdrage van het ecosysteem in de
vorm van verminderde voedselproductie en waterregulatie. Naast de landschapspro-
blematiek, leeft meer dan 60% van de populatie in armoede. Plattelandshuishoudens
hebben vaak te maken met een lage gewas opbrengst en dierproductie. Ook is er ge-
brek aan technologische hulp in de agricultuur, gebrek aan alternatieve banen en is de
emigratie hoog. Beleid tegen de rurale armoede was gericht op de verhoging van de cul-
tivatie van winstgevende monoculturen en de interesse van de boeren te verlagen in de
traditionele polycultuur zoals milpa, wat zorgt voor grotere voedselonzekerheid. Het
begrijpen van deze gebeurtenissen is essentieel voor het identificeren van beperkingen
en mogelijkheden van effectieve landschapsmanagement methodes die een positieve
invloed kunnen hebben op het ecosysteem en tegelijkertijd voedselzekerheid brengen
bij het volk op het platteland. Daarom is het doel van deze thesis het analyseren van
de factoren die effect hebben op veranderingen in huishoudens en landschap. Deze
worden geëvalueerd door de huidige landschapseffectiviteit op basis van ecosysteem
bijdrages en voedsel voorzieningen te meten, en het verkennen van alternatieve mo-
gelijkheden die de voedingsrijke zelfvoorziening van het landschap verhogen zonder
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negatieve bijeffecten op het ecosysteem. Deze studie was gedaan in twee gemeenten
die zich bevinden in de Mixteca alta regio genaamd Santa Catarina Tayata (SCT) en San
Cristobal Amoltepec (SCA).
Hoofdstuk 2 analyseert de evolutie van de huishoudens en het verband tussen
diversiteit in huishoudtypes en de grote drijfveren voor veranderingen. Het begon
met drie huishoudtypes, boeren zonder land (deze zijn afhankelijk van het huren en
lenen van land), middel grote boeren en boeren met een focus op veehouderij. Toen
er meer mensen gingen migreren ontstond een vierde huishoudtype, de werkende mi-
grant. Door de veranderingen in ambtscontracten van het land, kregen huishoudens
de mogelijkheid om land te kopen, wat resulteerde in een relatief groot huishoud-
type, genaamd groot huishoudtype. Nog een gevolg van deze verandering is dat het
huishoudtype van landloze boeren daalde, omdat zij nu ook land konden kopen. Vol-
gens verschillende strategieën wijzigde de helft van de huishoudtypes van type, waar
de andere helft in hetzelfde huishoudtype bleef. Het type hulp wat de overheid bood
had ook effect op de activiteiten van huishoudens. De subsidies agricultuur gerelateerd
waren, resulteerde in dat de activiteiten van huishoudens beperkt bleven tot werken op
het land, wegens regels die vastzaten aan de subsidies. Aan de andere kant, waren er
ook subsidies gefocust op gezinnen, deze hadden geen regels die de activiteiten van de
huishoudens beperkte en gaven de gezinnen meer vrijheid om andere mogelijkheden
van inkomen te verkennen. De studie kan gebruikt worden om betere beleidsvormen te
gebruiken en door te voeren door het monitoren van de impact op huishoudens en de
strategische keuze van het huishouden.
Hoofdstuk 3 evalueert de verandering van het landgebruik op de stroomgebied
en gemeentelijk niveau. De studie gebruikt willekeurig geselecteerde beslisbomen om
de regionale variabelen te beschrijven die effect hebben op het grond gebruik in het
stroomgebied van de Rio-Sordo. Plekken met een hoge marginalisatie en meer dan
70% bos waren meer vatbaar voor ontbossing. Plekken met verhoogde migratie en
hogere kansen op droogte hadden een verhoogde kans op een vermindering van agri-
culturele bezigheden. Op gemeentelijke niveau waren de gemeenschappen een belan-
grijke drijfveer voor verandering. Door het vergeven van autoriteit over een stuk land
konden gemeenschappen gezamenlijk ontbossing en bodemvervuiling tegen gaan. De
gemeenschappen dwongen regels af betreffende houtkappen en overbegrazing waar-
bij ze tegelijkertijd een campagne voerde voor herbebossing van deze gebieden. Deze
acties leidde tot een positief effect op de bebossing en kale grond vermindering in de
laatste 30 jaar. De rol van gemeenschappen in landschapsconservatie is veelbelovend,
omdat de grootste stukken bos in Mexico vallen onder het bestuur van gemeenschap-
pen. Toch kan nationaal beleid de vooruitgang van landschapsconservatie teniet doen.
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Bijvoorbeeld, het huidig nationaal beleid oogt op het stimuleren van de vleesproduc-
tie door het bieden van dieren aan boeren die willen starten met het fokken ervan.
Zo’n beleid kan de overbegrazing weer terugbrengen samen met de mogelijke ontbos-
sing en grond vervuiling. Hoewel deze strategieën potentiele voordelen hebben voor
huishoudens, is het essentieel dat ze zorgvuldig moeten worden geanalyseerd om plan-
nen van gemeenschappen voor landschapsconservatie niet in de weg te staan.
Hoofdstuk 4 analyseert de rol van traditionele milpa in voedselzekerheid en
zelfvoorzieningsmogelijkheden. Als gevolg van een paar nationale beleid stukken, cul-
tuur en demografische veranderingen in Mexico daalt de hoeveelheid milpa systemen.
Dit hoofdstuk focust zich op het vergelijken van de milpa en de monoculturen mais
en bonen in SCT en SCA. Deze twee gemeenschappen verschillen op grond van voed-
selzelfvoorziening. SCT levert zijn populatie genoeg energie, eiwitten, micronutriënten
en vitamines, waar SCA een lage productie heeft van verschillende nutriënten. De lage
voedselzelfvoorziening wat betreft nutriënten in SCA komt door de lage voedselop-
brengst en de hoge populatie grootte. Beide gemeenschappen hebben een tekort aan
vitamine A en C als consequentie van de vermindering van milpa productie. Milpa pro-
duceert een groot scala aan nutriënten (afgezien va B12), wat het mogelijk maakt om 2
personen volledig te voeden per hectare per jaar. Bonen bieden grote hoeveelheden aan
vitamine B9, genoeg voor minstens 4 mensen per hectare per jaar. Vanwege de hoge
vitamine B9 productie bieden bonen als een monocultuur een alternatieve oplossing
voor gebreken aan deze vitamine, maar er missen wel veel andere belangrijke nutriën-
ten. Als laatste mist mais zink, vitamine A en C. Dit hoofdstuk benadrukt de essentie
van het beoordelen van gewassen op grond van hun nutriëntele waarden.in plaats van
enkel de hoeveelheid productie en calorieën, om een bevolking te kunnen voorzien van
al hun nutriëntele behoeftes. Ook benadrukt dit de essentie van de polygewassen in het
voorzien van een dieet bestaande uit alle benodigde nutriënten.
Hoofdstuk 5 bouwt verder op het vorige hoofdstuk. Het gebruik de voedings-
gevoelige landschap benadering om alternatieve mogelijkheden te vinden om de
zelfvoorziening en ecosysteem van de casus studies te verbeteren. Het model van Land-
scapeIMAGES is gebruikt om compromissen en mogelijke interacties te onderzoeken
tussen verschillende waarnemingen. Resultaten toonde compromissen tussen de pro-
ductie van vitamine A en verbondenheid met de leefomgeving, stikstofvoorraad en
bodemerosie. Productie van vitamine A was ook verwant met hogere arbeid eisen.
Beide gemeenschappen kunnen uiteindelijk in nutriëntele behoefte zelfvoorzienend
zijn. Desalniettemin zal SCA milpa moeten gebruiken in ongeveer 30% van haar
grondgebied om zelfvoorzienend te zijn, waarbij SCT dit 10% is. Omdat SCT minder
land moet omzetten om een verbetering te krijgen in zelfvoorziening heeft SCT meer
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ruimte om te groeien in andere aspecten van het ecosysteem. Alhoewel beide gebieden
volledig zelfvoorzienend kunnen worden door het milpa systeem meer te gebruiken
toont de realiteit aan de boeren milpa vermijden vanwege de hoge arbeid eisen. Daarom
zou een interventie zich moeten focussen op de op lage productie en boeren voorzien
van alternatieven wijze om milpa toe te passen zodat productie per gewerkt uur gemax-
imaliseerd kan worden. Meer milpa systemen zou betekenen dat minder land nodig
is volledig zelfvoorziening te bereiken en de mogelijkheden geven om ook andere as-
pecten van het ecosysteem te verbeteren.
Hoofdstuk 6 vat de vindingen van de studie samen. Het toont de essentie aan van
het verbinden van plannen van huishoudens, gemeenschappen en stroomgebieden. Het
bespreekt ook de rol van de gemeenschap in het beheren van het land en de conservatie
hiervan. Het laatste hoofdstuk eindigt met een discussie over hoe huidige aanpak kan
worden geïntegreerd in de Mixtec context en de relevantie in vergelijkbare situaties.
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El Capitulo 1 introduce la interacción entre humanos y medio ambiente, enfocándose
en el impacto de los cambios de uso de suelo y los servicios ecosistémicos. Esos cambios
influyen en los modos de vida y la seguridad alimentaria de la población rural, con efec-
tos socioeconómicos indeseables como la marginalización, migración y el abandono de
la tierra. El desarrollo y diseño de paisajes, que tienen como objetivo mejorar la capaci-
dad de los sistemas para proveer servicios ecosistémicos y alimentos nutritivos, deben
de considerar la conexión entre las unidades de producción familiar y las trayectorias
del paisaje. El rápido proceso del cambio de uso de suelo en la Mixteca, Oaxaqueña
comenzó con la colonización española. Una combinación entre abandono de la tierra,
sobrepastoreo y tala de arboles, estimulada por los colonizadores, condujo a un proceso
de erosión severo. La degradación del suelo afectó negativamente servicios ecosistémi-
cos como la producción de comida y la regulación de los ciclos hídricos. Además de los
problemas a nivel de paisaje, mas del 60% de la población de la zona vive actualmente en
situación de pobreza. Los sistemas de producción familiar enfrentan problemas como
la baja producción animal y vegetal, falta de soporte técnico para la agricultura, falta
de alternativas de empleos y elevadas tasas de emigración. Políticas contra la pobreza
provocaron el desinterés de los agricultores hacia los sistemas de subsistencia, ya que
se promovía la producción de cultivos con mayor potencial económico, poniendo en
riesgo la seguridad alimentaria. La comprensión de las trayectorias del uso de suelo, de
las unidades de producción familiar y de las políticas publicas es esencial para identi-
ficar restricciones y potenciales para un manejo eficiente del paisaje, que visa en mejorar
los servicios ecosistémicos mientras considera la demanda de la población por una ali-
mentación nutritiva. Por lo tanto, los objetivos de esa tesis fueron evaluar el efecto de
los “drivers of change” en las unidades de producción familiar y paisaje; dimensionar
la incidencia de los arreglos del paisaje en cuanto a los servicios ecosistémicos y la pro-
ducción de alimentos; así como explorar alternativas de configuración del paisaje para
mejorar la autosuficiencia nutricional sin causar degradación en los servicios ecosistémi-
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cos. Este estudio fue conducido en dos municipios, Santa Catarina Tayata (SCT) y San
Cristóbal Amoltepec (SCA), ambos situados en la Mixteca Alta Oaxaqueña.
El Capitulo 2, Se evaluó la evolución de las unidades de producción familiar y su
relación con los impulsores del cambio en el tiempo. En 1987, tres distintos tipos de
unidades de producción familiar fueron identificados: (1) agricultores sin terrenos pro-
pios (i.e. dependientes de terrenos prestados o rentados), (2) agricultores de mediana
escala y (3) agricultores dedicados mayormente a la producción animal. Con el in-
cremento de la migración, un nuevo tipo de unidad de producción familiar apareció,
definido como trabajadores migrantes. La consolidación de la reforma agraria en la dé-
cada de los noventas permitió la emergencia de un quinto tipo de agricultores, con base
en una mayor propiedad de terrenos. Impulsados por la reforma de la tierra, varias
unidades de producción que antes no tenían terreno propio lograron comprar parcelas
y pasar a otro tipo de unidad de producción. Según las diferentes estrategias adop-
tadas, la mitad de las unidades de producción cambiaron a otro grupo, mientras la otra
mitad permaneció dentro de su mismo grupo a lo largo de los últimos 30 años. En
ese capitulo también se discutió que el tipo de soporte gubernamental puede afectar la
actividad agrícola y no agrícola de las unidades de producción. Los subsidios enfoca-
dos a la producción agrícola tienden a mantener a los campesinos trabajando exclusi-
vamente en actividades agropecuarias, sin embargo, soportes económicos enfocados a
la familia permiten mayores posibilidades a los agricultores para explorar otras activi-
dades económicas afuera de la agricultura. Los resultados de este estudio pueden ser
insumos para mejorar la articulación y monitorear del impacto de las políticas publicas
sobre los agricultores.
El Capitulo 3 evalúa los cambios de uso de suelo en dos niveles, cuenca y munici-
pio, para ello se uso el modelo Random Forests para identificar las variables que expli-
can mayormente los cambios de uso de suelo a nivel de cuenca. Los municipios con
mayores grados de marginalización y más del 70% de su territorio con bosque fueron
mas propensos a la deforestación. Comunidades con elevados índices de migración y
mayor riesgo por sequía mostraron mayor abandono de las actividades agrícolas. A
nivel de municipio, los dos estudios de caso mostraron el papel de las comunidades
en los cambios de uso de suelo. A través del control comunitario sobre el manejo del
paisaje, las comunidades fueron capaces de controlar problemas como la deforestación
y la degradación del suelo, por medio de toma de decisiones colectivas en asambleas e
implementaron regulaciones para controlar la tala de arboles y el sobrepastoreo, mien-
tras promovían campañas de reforestación. Estas acciones tuvieron un impacto positivo
en el aumento del área forestal y la reducción de las áreas erosionadas. El papel de las
comunidades en la conservación de los recursos naturales es prometedor, especialmente
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cuando se considera que mas de la mitad de los bosques en México está en manos de
las comunidades rurales. Sin embargo, políticas publicas pueden revertir el proceso
de conservación. Por ejemplo, programas como que estimulan la producción animal
pueden anular el progreso que las comunidades han tenido para controlar el sobrepas-
toreo. Por lo tanto, es importante que las políticas publicas se orienten conjuntamente
con las comunidades para aumentar la eficacia de los programas de desarrollo.
En el Capítulo 4 se analiza el papel de la milpa en la soberania alimentaria y la auto-
suficiencia nutricional. Como resultado de diversos cambios políticos, culturales y de-
mográficos en México, la milpa ha sido abandonada. Este capitulo se enfoca en mostrar
el contraste entre la milpa y otros sistemas agrícolas, como el monocultivo de maíz y fri-
jol en SCT y SCA. Los dos municipios difieren en cuanto a su autosuficiencia nutricional,
SCT proveyó a su población la cantidad suficiente de calorías, proteína, micronutrientes
y la mayoría de las vitaminas, mientras que SCA tuvo una baja producción de dichos
elementos nutricionales. La baja autosuficiencia nutricional en SCA fue atribuida a la
baja producción de los cultivos y a su mayor demografía. Ambos municipios tuvieron
una producción deficiente de vitamina A y C debido a la baja producción en cuanto a
la área con milpa. El sistema milpa produjo un conjunto de componentes nutricionales
completo (excepto por la vitamina B12), siendo capaz de producir la cantidad mínima
de nutrientes y vitaminas para alimentar hasta un promedio de 2 personas por hectárea.
El monocultivo de frijol proveyó altas cantidades de vitamina B9, siendo capaz de al-
imentar hasta 4 personas por hectárea, sin embargo, la producción en otras vitaminas
y micronutrientes fue baja. El maíz es un cultivo que ofrece casi todos micronutrientes
y vitaminas. Sin embargo, el maíz no ofrece cantidades significativas de zinc, de vita-
mina A y C. Este capitulo muestra la importancia de evaluar los cultivos en cuanto a
sus beneficios nutricionales en lugar de enfocarse solamente en el volumen o calorías
producidos. Por lo tanto, este estudio ofrece un panorama mas completo en cuanto a
la autosuficiencia nutricional, así como los beneficios de los policultivos en su comple-
mentariedad nutricional.
El Capitulo 5 se construye a partir del anterior. Aquí el principio de relación del
paisaje con la nutrición (nutrition-sensitive landscapes) fue explorar diferentes alterna-
tivas de configuración del uso de suelo para aumentar la autosuficiencia nutricional y la
provisión de los servicios ecosistémicos en los municipios de estudio. El marco de ref-
erencia, LandscapeIMAGES, fue usado para para explorar las relaciones entre cambios
en el paisaje y los servicios ecosistémicos. Los resultados revelaron una relación entre la
producción de vitamina A, la conectividad del hábitat, el almacenamiento de carbono y
la erosión del suelo. La producción de vitamina A estuvo relacionada con una mayor de-
manda de mano de obra requerida con un aumento en la producción de milpa. Ambas
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comunidades tienen el potencial de alcanzar la autosuficiencia nutricional, sin embargo
para ello, SCA requeriría que el 30% de su territorio fuera cultivado en forma de milpa,
mientras SCT necesitaría sólo el 10% de su territorio bajo la producción de milpa, por
lo cual SCT tiene mas margen de maniobra para tener otros usos de suelo, dándole mas
opciones para aumentar la producción de servicios ecosistémicos. Ambas comunidades
tienen un potencial para alcanzar la autosuficiencia nutricional por medio del cultivo de
milpa, sin embargo los agricultores no utilizan dicho manejo debido a programas gu-
bernamentales que desestimulan su producción y a la alta demanda de mano de obra.
Por lo tanto, las intervenciones deben de enfocarse no solo en aumentar la producción
de alimentos por área, sino también ofrecer alternativas de cultivo de milpa que re-
quiera menos mano de obra, maximizando entonces la cantidad de alimento producida
por hora trabajada. De tal forma, con una mayor producción por área de milpa, menos
área bajo ese sistema sería requerida y por lo tanto se aumentaría la oportunidad para
mejorar otros servicios ecosistémicos. El ultimo capítulo resume y integra los hallazgos
de ese estudio. Se destaca la importancia de conectar las trayectorias de las unidades
de producción familiar, comunidades y paisaje. También se discute el papel de las co-
munidades en el manejo del paisaje y su conservación. El capítulo finaliza discutiendo
la integración de la provisión nutricional y el manejo del paisaje en el contexto de la
Mixteca Oaxaqueña y la relevancia para contextos similares.
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